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ABSTRACT
Consumer demand and government regulation, as well as the Department of
Energy’s SuperTruck program has motivated extraordinary effort to maximize the heavyduty diesel engine’s thermal efficiency. Thermal barrier coatings (TBCs) provide an
avenue for increasing the thermal efficiency of the mixing controlled combustion (MCC)
process through the reduction of heat transfer losses. The myriad of previous studies
presents conflicting conclusions, both in the merit of TBCs for cycle improvement, and
also for coating durability and potential adverse effects from coating failure. While the
most recent studies with thin thermal barrier coatings (~100-250 µm) have shown a
majority of positive cycle impacts, the path to maximizing the improvements while also
ensuring coating durability still remains uncertain. This work outlines a systematic
approach for i) evaluating thermal barrier coatings both in their ability to reduce heat loss
from the in-cylinder gas to the walls, and ii) quantifying material property effects on
coating stresses, providing insights into pathways to achieving coating reliability. The key
to reducing heat loss during combustion is to maximize the temperature of the coating in
proximity to top dead center. To evaluate a coatings’ ability to generate a high amplitude
surface temperature swing, and thereby reduce heat transfer losses, a 0D thermodynamic
cycle solver coupled with a finite difference heat transfer partial differential equation
(PDE) solver was used to correlate the efficacy of TBCs with key thermal properties. The
results enable establishing a link between the thermophysical properties and the magnitude
of heat transfer reduction, and it was determined that i) thermal effusivity provides critical
directional guidance for maximizing the TBC effect, and ii) that reducing thermal
i

conductivity provides higher heat transfer reductions compared to reducing the volumetric
heat capacity of a coating. Secondarily, an asynchronous co-simulation methodology was
developed to couple computational fluid dynamics (CFD) code with finite element analysis
(FEA) to accurately model the highly variant spatial and temporal effects of diesel
combustion on the temperature field developed in the coating, and the heat transfer
pathways through the 3D TBC/piston assembly. The results indicate that the highly
heterogenous combustion mode leads to large spatial variations of temperature swings,
with some locations far exceeding the predicted temperature swings of the 1D solver, on
the order of 600K. For the coating properties investigated, the localized heat transfer
reduction in those areas of high heat flux was found to reduce the heat transfer losses by
roughly 9% when only the piston is coated, and an additional 6-7% when the cylinder
head/firedeck is coated as well. The predicted cycle indicated thermal efficiency increased
by roughly 0.5-0.6 percentage points. Finally, to quantify material properties affecting
coating reliability, validated mechanical models for residual stresses, elastic-plastic yield,
and failure criterion were developed. It was postulated that the key mechanisms potentially
leading to failure are the CTE mismatch between the coating and the substrate, and the
temperature gradients throughout the thickness of the coating. The methodology for
predicting failure relies on the new model to characterize the elastic-plastic deformation,
the ability to determine the anisotropic/temperature dependent elastic moduli in FEA
(ABAQUS), and the subsequent application of the William Warnke failure model adapted
for use in technical ceramics. A sensitivity study for a simplified geometry was conducted
to develop insights into coating property effects on stress states and potential failure
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mechanisms for TBCs in a heavy-duty diesel (HDD) engine application. Finally, the spatiotemporally resolved temperature field from the CFD-FEA Co-simulation methodology was
subsequently applied to a 3D FEA model of the piston with validated ceramic material
models and linked to the constitutive failure model to identify the primary mechanisms
leading to failure. Results provide clear guidance regarding the preferred ranges of
conductivity and CTE for the next generation advanced coating formulations. Finally, the
insights are combined in order to provide a comprehensive view of the thermophysical
property effects on heat transfer reduction and coating stress states in the context of
pathways for achieving maximum heat loss reduction and thermal efficiency
improvements, while also ensuring durability in a real-world heavy-duty diesel engine
application.
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DEDICATION
“Primary causes are unknown to us; but are subject to simple and constant laws,
which may be discovered by observation, the study of them being the object of natural
philosophy. Heat, like gravity, penetrates every substance of the universe, its rays occupy
all parts of space. The object of our work is to set forth the mathematical laws which this
element obeys. The theory of heat will hereafter form one of the most important branches
of general physics.”
― Joseph Fourier, The Analytical Theory of Heat
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CHAPTER 1:
INTRODUCTION AND MOTIVATION
Thermal Barrier Coatings (TBC) are a developing research interest for the field of
internal combustion engines (ICE). Heat transfer losses represent a significant energy loss
pathway, and thermal barrier coatings provide an avenue to reduce these heat transfer
losses and in turn improve the work output. Thermal barrier coatings have a rich history in
the Gas Turbine environment and have been commercialized in that field. However, for the
ICE application, thermal barrier coatings are still and active area of research, with no major
manufacturer using TBCs in a production engine. There has been a myriad of experimental
investigations on TBCs for an ICE application and often these studies led to inconclusive
results regarding the efficiency improvements. The primary delay in commercialization is
the both the uncertain efficiency benefit of TBCs as well as uncertainty in TBC lifetime
durability. In the IC engine application thermal barrier coatings do not need to simply raise
the operating temperature of the cycle as they do for Brayton cycle GT’s, instead they must
provide the insulating effect at the right time, close to combustion Top Dead Center (TDC)
and decreasing the temperature delta between the combustion chamber wall and the gas,
reducing convective heat transfer losses in the early part of the expansion stroke. While a
seeming simple task, in the IC engine application many operating variables are intrinsically
linked and affect each other. The wall temperature effects the entire cycle, so an increased
wall temperature is beneficial during combustion/expansion. However, an increased wall
temperature during gas exchange can preheat the gasses entering the combustion chamber
and decrease the density of the fresh charge, leading to a volumetric efficiency penalty.
Consequently, dynamic behavior of the coating is crucial, and achieving a so-called

temperature swing effect is preferred. This implies a fast rate of surface temperature
increase towards the end of compression and the beginning of combustion, as well as a
steep decrease down to the metal baseline temperatures by the subsequent intake process.
Changes in the initial state of the gas (mass, temperature) and heat transfer during
compression affect the pressure-temperature history of the gas leading up to combustion.
These boundary condition effects propagate out to many other factors involving
combustion: combustion duration, ignition delay, combustion phasing, and ultimately
affect the efficiency of the cycle. The complex interplay between the thermal barrier
coating and the Otto/Diesel cycle have been studied extensively and the following work
aims to further address both factors that have limited the commercialization of the TBC for
a Diesel IC engine application; 1) the ability of the coating to reduce heat transfer losses
and maximize efficiency improvements without additional penalties, and 2) coating
durability.
TBCs provide an interesting field of study due to the massive design space of
coating material properties. Lower operating temperatures in internal combustion engines
(IC engines) compared to gas turbines enable consideration of a much wider range of TBC
materials. TBC thickness, conductivity, specific heat, porosity, surface roughness,
hardness, Youngs modulus, and coefficient of thermal expansion, all affect the
effectiveness and lifetime of a thermal barrier coating. Compounding this is application of
the TBC within the harsh/abrasive environment of a diesel engine. Rapid
thermomechanical cycling over a variety of timescales occurs in an oxidizing, reactive, and
water vapor filled environment. This work aims to comprehensively identify key impactful
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factors effecting thermal performance (to reduce heat transfer losses by altering the surface
temperature) all the while developing insights into the failure mechanisms of TBC in an
ICE application. Numerous simulation studies have shown that thermal conductivity and
volumetric heat capacity affect the temperature swing response and ultimate ability of a
coating to reduce heat transfer, however a metric for assessing and quantifying a coatings
ability to reduce heat transfer is missing. Furthermore, insights from the gas turbine
literature highlight a multitude of potential mechanisms for coating failure, but these modes
and underlying phenomena have not been investigated in an IC engine application.
1.1 Transportation Energy Demand – Heavy Duty Diesel
Heavy duty (HD) diesel engines are the prime mover (82%) for vehicles with a
Gross vehicle weight over 14,000 pounds (Class 4 and above), with Class 8 trucks being
100% powered by diesel engines [1]. In 2018, there were 2,906,000 Class 7 and 8 trucks
registered in the United States, and these trucks averaged 63,374 miles per year [1]. HD
trucks have an average fuel economy of 6.1 miles per gallon (MPG), and yearly the average
fuel economy gain is only 0.1% improvement each year, meaning at the current rate it
would take 39 years to reach 10 mpg. While these vehicles account for only ~5% of the
total 260,478,000 vehicles registered in the United States in 2017 [1], they accounted for
an equivalent amount of fuel usage as light duty passenger cars (3102.6 thousand barrels
of oil per day for Class 3-8 + Buses and 3409.5 thousand barrels per day for passenger
cars). Furthermore, class 6-8 medium duty and heavy-duty trucks account for 23% of the
greenhouse gas emissions of the transportation sector, and 6.4% of the total US greenhouse
gas emissions [2].
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The US Government has recognized that the heavy-duty transportation sector has
not increased in fuel economy or reduced emissions at the same rate as the passenger car
sector. In 2010 the US government’s Department of Energy started the Super Truck
program, which aimed to improve the overall freight efficiency by 50%. Additionally super
truck teams were tasked with reaching 50% brake thermal efficiency and showing potential
technology pathways to reach a BTE of 55% [3]. Super Truck 1 consisted of 5 teams of
OEM heavy duty truck manufacturers who used a combination of system level refinements
(light weighting, aerodynamics, electrification, etc.) as well as powertrain improvements
(cylinder deactivation, waste heat recovery, increased peak firing pressures, etc.) to reach
the 50% BTE target. Super Truck 2, which started in 2016, aimed to take the technologies
developed in Super Truck 1 and work towards a commercialization path, as well as increase
the peak thermal efficiency, with a target of 55% BTE. The additional 5% gain in thermal
efficiency proved difficult and forced manufacturers to completely redesign and optimize
their combustion strategy, embracing technologies that were not used in Super Truck 1 [4],
such as techniques for managing heat transfer and waste heat recovery (WHR). This
realization created impetus for investigations of thermal barrier coatings, as well as systems
such as the organic Rankine cycle WHR. These technologies were deemed too risky during
Super Truck 1, however are thought to be necessary to achieve the 55% BTE target.
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Figure 1: Detroit Diesel Super Truck 2 Technology Portfolio, courtesy of Jeff Girbach,
DDC.
As an illustration, Detroit Diesel developed a roadmap of technologies on the path
to 55%, including downsizing, increased swirl, friction reduction, two stage turbocharging,
and thermal barrier coatings to reduce heat transfer losses [5]. For thermal barrier work
Detroit Diesel sought an academic partner and found it in Clemson University’s
Automotive Engineering Department. CU AUE’s research group, led by Dr. Zoran Filipi,
gained significant expertise in the field through the previous research effort supported by
the NSF/DOE partnership on Advanced Combustion Engines. Clemson’s project was
focused on engineered thermal barrier coatings for HCCI engines, and it ultimately
demonstrated two percentage point improvements of the gasoline HCCI engine’s thermal
efficiency with a breakthrough coating formulation utilizing a low conductivity oxide
ceramic [8]. The scope proposed by Detroit Diesel defined needs for original research that
were subsequently translated into the objectives of this dissertation.
5

1.2 Thermal Barrier Coating concept for improving IC Engine cycle efficiency,
historical perspective and current state-of-the-art
Thermal Barrier coatings are used in a variety of applications, including gas
turbines, motorsports, and power generation, but are the most widespread in the field of
gas turbines. For gas turbines, the cycle efficiency of the Brayton cycle is directly tied to
the maximum service temperature of the gas in the combustor, so any increase in maximum
gas temperature will increase the thermodynamic efficiency. Before the use of thermal
barrier coatings, the maximum temperature was limited by the material used in the
combustor vanes, around 1100 degrees Celsius, as shown in Figure 3 around 1985 [9].
Thermal barrier coatings were applied to the combustor vanes to increase the peak surface
temperature limit and allowing for an increase in the operating temperature of the gas in
the combustor. Figure 2 shows both a Scanning Electron Micrograph of an example TBC
applied to a combustor/turbine blade, as well as a TBC coated combustor surface.
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Figure 2: Thermal barrier coatings applied to gas turbine combustor [8].

Figure 3: Thermal Barrier Coating increase in Gas Turbine operating temperature [9].
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In this application the temperature field in the Thermal barrier coating is steady
state, as Gas turbines are primarily run at a constant speed and load for aircraft and power
generation. The first generation of thermal barrier coatings were primarily Magnesium
Oxide (MGO) and Yttria Stabilized Zirconia (YSZ) [6]. Hundreds of Thermal barrier
coatings have been investigated for Gas Turbines, however MGO, YSZ and Gadolinium
Zirconate (GdZr) remain the most common [7]. The limiting factor for GT’s is the peak
operating temperature, and many materials are disqualified due to the occurrence of phase
change at high temperatures, creep, or oxidation [8].
The Otto and Diesel IC engine cycles differ from the Brayton cycle predominantly
in the open vs closed concept, as well as the time-based phenomenon. In the GT Brayton
cycle the thermodynamic operating points occur in different physical sections of the engine
(compressor, combustor, turbine, and exhaust nozzle), meaning that the fluid properties
and boundary conditions (wall temperature) are constant for each location when the engine
is running at steady state. In the IC engine, all these operating points occur inside the
combustion chamber over the course of the cycle, inherently the fluid and wall conditions
are transient throughout the cycle. In the Brayton GT cycle, the goal of the thermal barrier
coating is to increase the allowable wall service temperature at the hottest points in the
engine such that the working fluid temperature can be raised (thereby increasing cycle
efficiency). This differs from the IC engine, wherein the use of thermal barrier coatings is
to reduce the transient heat transfer from the gas to the wall, and the focus is on a specific
portion of the cycle, i.e., the end of compression followed by combustion/expansion.
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Heat transfer losses in the cylinder are dependent on combustion mode, however
the majority of heat transfer losses are through convective heat transfer at the walls of the
combustion chamber, and the heat flux is by far the largest during combustion. Equation 1
defines the convective heat transfer (Newtons law of cooling).
𝑄𝑄 = ℎ ∗ 𝐴𝐴 ∗ (𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )

(1)

In this equation, Q is heat flux (J/s or W), h is the heat transfer coefficient (W/m2K),
A is the surface area (m2), and Tgas and Tsurface represent the temperature (K) of the fluid
and surface respectively. In order to reduce heat transfer at the surface, several avenues
have been investigated. Surface area for heat transfer plays a critical role, the fundamental
factor allowing relative reduction of the area is the so called ‘surface area to volume ratio’
(S/V) of the combustion chamber, and that is often what leads to engine designs with a
long stroke or increased stroke/bore ratio [10]. This is a design element of the engine and
is set early in the engine design process, and therefore a static effect on heat transfer, not
something that can be modulated during the cycle to reduce heat transfer. Next, the surface
area can be reduced by polishing the surface of the combustion chamber, Tsutsumi et al
[11] found that a mirror finished piston crown improved BSFC, however questions
remained as to the efficacy of this approach as combustion chamber deposits build and
increase the surface area on the piston. Variables that affect the heat transfer coefficient
have been studied, mostly to the effect of reducing roughness [12], decreasing in cylinder
motion (swirl, tumble) to reduce fluid velocity at the wall [13], or changing the surface
area to volume ratio through bowl design changes [13]. For the majority of these options,
these are fundamental choices made during the design of the engine and can lead to
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negative effects on other key engine characteristics; for example, reducing swirl reduces
turbulence, potentially reducing the air entrainment in a diesel engine, again negatively
impacting burn duration and cycle efficiency.
The final variables to reduce heat transfer are the gas and surface temperature. The
gas temperature can be reduced by exhaust gas recirculation or leaner air fuel mixtures
(charge dilution), but again these design choices can negatively impact other key engine
targets, EGR has ramifications on exhaust emissions, and increasing the trapped air mass
can lead to limitations in peak firing pressure. The final option is to increase the wall
temperature inside the combustion chamber through the application of some form of
thermal insulation.
In the world of IC engines, thermal barrier coatings began to be investigated around
the same time as Gas Turbine applications, however mass commercialization never
occurred [14, 15, 16, 17, 18, 19, 20]. Early IC engine thermal barrier concepts sought to
achieve the “Adiabatic’ engine or low heat rejection engine, in which heat transfer losses
from the gas to the wall were nearly eliminated by increasing the wall temperature as much
as possible [15, 16,17, 20, 21, 22, 23]. To achieve this a variety of approaches were
pursued, monolithic ceramic inserts were created and grafted to engine components,
including the cylinder head, pistons and liner [20], as well as air gap components [24, 25]
which aimed to reduce the physical pathway for heat transfer through components by
introducing hollow pockets between the combustion chamber surface of the components
and the backside. Some studies reported a modest increase in cycle efficiency, notably
Kamo and Bryzik in 1997 [26], as well as Thring et al [16], Uzan et al [27] Morel et al [28]
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and Havstad et al [29] . Alkidas found that for a low heat rejection engine, low load
operating points met the same indicated efficiency as the metal baseline engine, however
performance and efficiency was severely deteriorated at higher engine loads [30].
However, most were not able to realize improvements and even observed efficiency
penalties. Many authors noted that the ‘Adiabatic’ concept for realizing low heat rejection
deteriorated combustion, volumetric efficiency, or severely impacted emissions [15, 16],
[21], In 1987, Kamo and Bryzik initially investigated the adiabatic concept with a zerodimensional model for a turbo-compounding system, noting that the method relying on the
brute force insulation primarily increased the exhaust enthalpy, with limited cycle heat
rejection effects [17]. Dickey et al investigated a 0.8 mm thick YSZ coating applied to the
piston found and that the indicated thermal efficiency was degraded with the coating, on
the order of 3.5% absolute [21]. Similar trends for thicker coatings (>0.8mm) demonstrated
degraded thermal efficiency [16, 23, 31]. Conclusions were drawn that there is a penalty
associated with the overall increase of surface temperature level, such as reduced
volumetric efficiency and high gas temperature, as well as that most of the heat retained in
the cylinder eventually escapes with the hot exhaust. Most, if not all early adiabatic engine
research acknowledged that a bulk increase in wall temperature leads to negative impacts
during the gas exchange process.
The volumetric efficiency penalty is the primary reason for mixed results and
ultimate abandonment of this ‘brute force’ approach for reduction in heat rejection. Authors
noted that monolithic ceramic inserts on the order of 0.5 mm to 5 mm increased the mean
surface temperature of the wall of the cylinder by several hundred degrees [25, 32]. During
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the gas exchange portion of the cycle, this bulk shift in wall temperatures lead to charge
heating during intake, reducing the density of the gas and thereby reducing the volumetric
efficiency of the engine [21, 33],. Ultimately, most of the heat retained in the cylinder
escaped with hot exhaust after the opening of the exhaust valves.
1.2.1 Secondary Theory on shortcomings of the ‘Adiabatic’ Engine
Woschni investigated the low heat rejection concept by coating a piston with a
nickel alloy layer and air gap insulation and found a net negative effect of insulated
components on indicated and brake specific fuel consumption [32]. Woschni subsequently
proposed that the increased surface temperature of the coated components was affecting
the thermal boundary layer and increasing the heat transfer coefficient, a theory which has
become known as convective ‘vive’. This theory is also postulated as the reason for
decreased thermal efficiency in [21, 34, 35].
1.2.2 Thin Thermal Barrier Coatings and Thermal Swing Concept
In 1989, Kamo et al [36] conducted a simulation study that coupled an engine cycle
solver with a finite difference model for a composite wall structure, namely a TBC that
was plasma sprayed on a cast iron piston, instead of a monolithic insert press fit or
mechanically attached to a piston. A coating thickness simulation study (0.5 – 2 mm of
Zirconia) was conducted and showed that the thinnest coating had the lowest surface
temperature during gas exchange, and the coating surface temperature increased during
compression and combustion, then fell during the end of the combustion/exhaust stroke.
The thicker coatings exhibited this behavior, but the average temperature rose with
thickness, and the magnitude of the temperature swing from gas exchange to peak
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temperature during combustion was reduced. Kamo et al postulated that thin thermal
barrier coatings (< 0.5 mm) were a viable new pathway towards achieving a low heat
rejection engine because 1) the volumetric efficiency penalty is reduced during gas
exchange, 2) mechanical reliability of coatings increases with reduction in thickness, 3) the
dynamic surface temperature reduced the ring pack temperature and avoids tribological
issues associated with oil degradation and ring wear. The concept of dynamic swing
coatings has become increasing popular, with most studies published after 2000
investigating plasma sprayed coatings (vs monolithic ceramic inserts) less than 1mm thick
[37, 38, 39]. This thin thermal barrier coating concept has subsequently been applied to a
myriad of combustion modes aside from the original adiabatic mixing controlled
combustion mode, primarily in Spark Ignition (SI) [40] and low temperature combustion
(LTC) [39, 41].
In 2013 Kosaka et al [37] expanded on the concept of a thin temperature swing
coating, i.e., a coating with low thermal mass that could rapidly exchange heat with the
surrounding gas. A coating with a low global thickness has very little volume for energy
storage, so coupled with a low specific heat capacity coating (Energy required to increase
a unit mass by a unit temperature) would be able to rapidly increase in surface temperature
as the gas near the wall increased in temperature. Therefore, the coatings could provide a
surface temperature that mirrored that of the combustion gasses. The surface temperature
would rise during compression, reach a peak nearly the same time as the combustion gases
then quickly fall back to a much lower temperature during exhaust and intake, thereby
sidestepping the volumetric efficiency penalty, as shown in Figure 4.
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Figure 4: Thermal Swing example for a metal piston (blue), monolithic ceramic (purple)
and dynamic temperature swing coating (red), modified from [41].
Kosaka conducted a simulation study to investigate the effects of coating properties
on the temperature swing phenomenon, reducing both conductivity and density of Zirconia
to 1/16, 1/32, and 1/64 of the original values, along with thickness. The authors found that
approximately 100 microns of coating was sufficient to achieve the maximum temperature
swing and subsequent increases in thickness lead to a bulk rise in mean surface temperature
and no additional gains in thermal efficiency. A similar simulation study was conducted by
Taibani et al, sweeping the conductivity and density together via multiplication factors to
understand the sensitivity of the combined properties on temperature swing and heat
transfer reduction [42]. A reduction of the product of conductivity and volumetric heat
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capacity reduced the heat transfer losses for the engine simulated in that work, with
predicted BTE improvements on the order of 0.1 to 0.76% absolute gain. Additional work
by Moser et al [39] expanded on the previously mentioned simulation studies,
independently sweeping the thermal conductivity and density of a YSZ coating to
understand the effect of the coating properties on the temperature swing effect in a HCCI
combustion application. The effects of sweeping the thermal conductivity vs. density are
shown in Figure 5. This initial sensitivity study found that reductions in thermal
conductivity provided a better avenue to increasing the temperature swing in the HCCI
engine context. Yan investigated thermal barrier coatings for HCCI and other LTC
combustion modes, and in a simulation study identified that lowering the thermal
conductivity led to increased fuel conversion efficiency, additionally finding that coating
thickness could be modified for additional gains; but with diminishing returns beyond 200
microns, until they became negligible after 500 microns [43]. Broatch et al [44] coupled a
thermodynamic solver with a 1D finite difference temperature solver and conducted a
parametric sweep of the effects of coating thickness and thermal conductivity for two
representative materials (SIRPA and Zirconia). A light duty, aluminum diesel piston was
modeled for two speed and load points, the authors finding that lower thermal conductivity
reduced the heat transfer to the wall, and that lower coating thickness was beneficial in
reducing the volumetric efficiency penalty, with the baseline coating materials improving
the ITE by 0.13 to 0.4 % absolute.
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Figure 5: Surface Temperature swing effects of varying thermal conductivity and density of 1000
microns of YSZ applied to the piston crown of a HCCI engine operating at 1200 RPM 3.5 bar
IMEPg. independently, adapted from [39].

1.2.3 Experimental Investigations of Dynamic Temperature Swing’ coatings
Wakisaka experimentally tested the ~100-micron thick SIRPA temperature swing
coating originally proposed in Kosaka’s work in a DI diesel engine, and utilizing laser
induced phosphorescence measurement techniques confirmed that the coating achieved the
dynamic surface temperature swing. The temperature swing exceeded 140 degrees Kelvin
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of change over 1 cycle [45]. Wakisaka also showed that depending on injection timing, the
cycle indicated efficiency could be increased anywhere from 0.4 to 1.1% on an absolute
basis. Somhorst et al experimentally investigated 6 different coating formulations, with
different materials (YSZ and GdZr), seal coats, surface roughness, and coating plasma
spray processes for a light duty single cylinder diesel engine. A data regression analysis
was conducted with these variables as inputs and found that a coated piston with a matched
compression ratio and very smooth surface could achieve indicated efficiencies greater
than that of the metal baseline. Surface roughness has become an increasingly more
discussed aspect of TBC work, with a significant uptick in the past few years on the effect
of roughness on the coatings ability to increase efficiency. Gingrich et al showed that for a
high efficiency diesel engine at very high loads (>20 bar IMEPg), YSZ coatings with high
surface roughness actually degraded the thermal efficiency, while smoother coatings were
able to increase BTE [46]. Kogo et al investigated SIRPA coatings, finding that the
application of SIRPA within the reentrant bowl hindered the efficiency improvement,
finding that selectively coating the piston squish region only led to the highest efficiency
gain [47]. This was postulated to be an effect of the fully insulated piston’s roughness.
Powell et al investigated thin TBC for LTC combustion modes, finding that the temperature
swing coatings, with thicknesses on the order of 200 microns or less were able to both
reduce heat transfer losses and increase combustion efficiency for HCCI [41]. Powell also
investigated the effect of roughness, finding that increased roughness and coating porosity
did have detrimental effects on a coatings ability to reduce heat transfer losses [41].
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Experimental campaigns by Andrie et al [48] pursued an alternative approach like
Kosaka’s SIRPA material, to reduce the density of the coating material by introducing high
porosity, ultimately reducing volumetric heat capacity. The ‘RC’ is comprised of hollow
aluminosilicate spheres with reported values of thermal conductivity = 0.35 W/mK, density
= 0.35 gm/cm3, and a specific heat capacity of 1300 kJ/kg K. In a natural gas fueled SI
engine, the brake efficiency at Maximum Brake Torque (MBT) timing was improved by
1% absolute for a cylinder head ad piston coated with the RC coating. Powell et al
investigated increased porosity for traditional coatings, through the application of
‘interpass boundaries’ essentially structuring the porosity into layers within an otherwise
dense coating. The interpass boundaries were postulated to increase the thermal resistance
pathway of heat through the coating and reduce the effective thermal conductivity. Powell
found that the efficiency improvements, while tangible, were slight, on the order of 0.2%
absolute [49], in part because it was not possible to maintain a smooth top surface with a
high porosity coating. High porosity coatings have also shown an increased risk of coating
delamination and erosion regardless of the approach, i.e. regardless of whether the porosity
was introduced with a more traditional plasma spray method [49], or through the
application of hollow nickel alloy microsphere coatings at Hughes Research Laboratory
[50], or the SIRPA materials developed at Toyota [45].
Filipi et al conducted a series of studies focused on the application of TBCs for
HCCI and discovered challenges with the increased porosity approach, both in regard to
coating durability (erosion spallation issues) as well as efficiency improvements.
Subsequent work by this group [8] instead proposed to search for coatings with natively
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low thermal conductivity. Ultimately, a relatively dense coating of Gadolinium Zirconate,
applied to a piston of a gasoline HCCI engine with a thickness of roughly 150 microns,
demonstrated very tangible increases of combustion and indicated thermal efficiency, on
the order of 2 percentage points. The authors compared the two approaches postulated to
increase the temperature swing effect for a traditional YSZ, reduced density and reduced
conductivity: the former through the use of structured porosity, the latter through the use
of a natively lower conductivity TBC material. The findings indicate that there is a much
greater improvement in thermal efficiency by using a natively lower thermal conductivity
TBC material than through increased porosity/decreased density.
Dynamic temperature swing coatings have become the main pathway investigated
for heat transfer reduction, with a majority of researchers showing incremental gains in
thermal efficiency, with some caveats for surface roughness effects, thermal conductivity,
coating thickness, all affecting the final viability of the coating to reduce heat transfer
losses. However, the majority of coatings tested have been either YSZ or GdZr, with
SIRPA being the notable exception. Simulation studies have broadly swept parameters to
show that lower conductivity and volumetric heat capacity are desirable, however an indepth study on the individual effect of each thermophysical property on heat transfer
reduction has not been satisfactorily quantified.
1.3 Thermal Barrier Coatings for Heavy Duty Diesel, Challenges of MCC
Mixing controlled combustion (diesel) is a thermodynamic cycle originally
developed by Rudolph Diesel [51]. The cycle differs significantly from the traditional Otto
Cycle, the ideal the Diesel cycle includes a constant pressure heat addition, operated
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unthrottled and globally lean. Fuel is injected near top dead center, and combustion is rate
limited by mass diffusion (or mixing rates, according to the current understanding of the
diesel engine combustion process), as opposed to the Spark ignition’s premixed flame
propagation. Up until the late 1990’s the heat release process and combustion mechanism
were a topic of debate. In 1997, John Dec [52] proposed a conceptual model of the
combustion process that has become the accepted standard. Using Planar Laser sheet
imaging, Dec showed the combustion process is transient and compromised of several
phenomena occurring initially in sequence and soon after simultaneously. The initial fuel
injected does not immediately combust, as there is an ignition delay which develops a
premixed charge near the injector nozzle. The entire process is shown in Figure 6 below.
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Figure 6: Diffusion flame development in a Diesel engine, from [26].
After the start of injection, there is a delay in the start of combustion as the injected
liquid fuel must vaporize and mix with the air in the cylinder to reach a fuel air mixture
capable of igniting. Several crank angle degrees after injection, a premixed fuel/air vapor
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mixture develops at the end furthest from the injector. The fuel air mixture begins to auto
ignite in this area, shown in 5 and 6 degrees after injection in Figure 6. Polycyclic Aromatic
Hydrocarbons are seen in this region from the laser sheet imaging, indicating that rich
combustion (Phi ~2-4) is occurring. As the flame develops, the rich byproducts of the
standing premixed flame continue to move away from the injector and mix with the air in
the cylinder. A diffusion flame sheath begins to form around the periphery of the rich by
products, and the rate of combustion is limited to the entrainment rate of the air into the
combustible mixture, shown as the orange periphery lines in Figure 6, 6.5 ASI. In the
hottest section of the flame, the head vortex begins to oxidize the rich fuel air mixture
within the diffusion flame, and high concentrations of soot are found. The fully developed
diffusion flame is shown in Figure 7.
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Figure 7: Fully developed diesel diffusion flame from the phenomenological model proposed by
Dec [26].

The fully developed standing flame exhibits the liquid fuel from the injector fully
evaporating around 20 mm from the injector, known as the standoff distance. The injected
fuel entrains air and a standing rich premixed flame is seen. This standing premixed flame
produces a high amount of soot, and the rich by products of combustion (soot, unburned
fuel) are pushed towards the head of the flame. Around the periphery, the unburned fuel
and soot oxidize in a diffusion flame, which creates temperatures high enough for NOx
production. At the head of the flame, a high concentration of soot is found. The key
challenges with diesel combustion occur because of this combustion mechanism, the
process is rate limited by mass diffusion of air into the flame, leading to longer combustion
durations, and is compounded by the emissions byproducts. Diesel combustion struggles
with the soot-NOx trade off, wherein combustion control parameters, attempting to reduce
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these emissions byproducts, such as higher swirl or exhaust gas recirculation are negatively
correlated. For example, using higher swirl, which increases air entrainment and speeds up
the combustion process, increasing the oxidation of soot, however, faster burning
combustion increases the combustion temperature at the periphery, leading to higher NOx
formation [53]. The same process occurs with Exhaust gas recirculation, lowering the
temperature of the charge increases the ignition delay, and increases the diffusion process,
leading to lower temperatures and lower NOx formation, but decreased oxidation of soot
[53].
In the context of thermal barrier coatings, mixing controlled combustion creates
several challenges. The process is inhomogeneous throughout the cylinder, typical Diesel
architectures use 7-10 hole injectors, meaning that there are several diffusion flames
moving towards the piston during combustion. These flame jets (dependent on injection
timing) typically impinge upon the piston, creating a large spatial variance in heat flux on
the surface of the piston. To reduce convective heat transfer losses with a thermal barrier
coating the temperature delta between the gas and the surface must be reduced. However,
there are portions of the piston where the near wall gas temperature is ~900-1000 Kelvin
during combustion, and portions that are 2500-2700 Kelvin, simply demarcated by whether
or not there is an impinging flame. The variance in the near wall gas temperature and
predicted heat transfer coefficient is shown in Figure 8, which was generated from a high
fidelity CFD model of a heavy-duty diesel engine.
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Figure 8: CFD simulation results for heat transfer coefficient, near wall gas temperature
and wall temperature for diesel combustion.

1.3.1 MCC Heat Flux Modeling Challenges and TBC Implications
The highly inhomogeneous combustion leads to significant variations in spatial
heat transfer throughout the combustion chamber, as highlighted in Figure 8. This strong
spatial variation makes the development of 1D heat transfer coefficient correlations
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difficult, as the correlations are area averaged to reduce computational time. Heat transfer
coefficient correlations like Woschni [55] or Hohenberg [56] were developed to predict the
crank angle resolved heat transfer and close the energy balance for IC engine cycle
analysis, and have been subsequently used for 0D/1D IC engine cycle modeling. The
correlations are useful for determining the cycle averaged total heat transfer losses,
however several experimental campaigns have shown that the correlations are not able to
capture the strong local spatial variations of MMC modes. Li et al [57] instrumented an
optical heavy duty diesel single cylinder engine with fast response thermocouples inserted
into the liner. In a conventional diesel combustion operating mode, Li found that the
maximum heat flux variation across the thermocouples (less than 10 mm distance) was
approximately 2x and found that there was temporal variation in the location of peak heat
flux. Hendrix [58] developed a wireless piston telemetry system to measure the
instantaneous heat flux at various locations on a diesel piston crown. Hendrix investigated
the effects of modeling assumptions on determining the heat flux from the experimental
data (1D vs 2D), and regardless of methods used, it was found that spatially, the lowest and
highest instantaneous heat flux varied by nearly a factor of 10 (center of bowl vs bowl lip).
Furthermore, recent studies have found that these correlations, when compared to
experimentally derived, area averaged HTC, do not predict the temporal variation, nor the
sensitivity of the HTC to operating parameters, like start of injection [59]. Li [57]
postulated that for CDC the strong jet impingement induced high near wall turbulence, and
that simplistic heat transfer correlations, like Woschni [55], were not truly capturing the
effects of strong jet flow perpendicular to the wall.
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In the context of thermal barrier coatings for mixing controlled combustion, the
spatial variation will affect the efficacy of a coating to reduce heat transfer losses. The gas
temperatures in-cylinder are already incredibly high, near the adiabatic flame temperature
(~2800K) for region near impinging jets, and unaffected zone near wall gas temperatures
can range from 1400-1900K. The surface temperature swing for a dynamic response TBC
must therefore be significant in ordered to substantially affect the temperature delta
between the gas and the wall to reduce heat transfer.
In regard to coating durability, the high thermal gradients lead to thermal stresses
both through the depth of the coating to the piston underneath the impinging flame, but
also parallel to the surface, between two impinging jets. Initial modelling work that
leverages 1D correlations such as Woschni [55] or Hohenberg [56] are useful for gaining
insights into the cycle averaged effects of a thermal barrier coating, but to effectively
capture the effects of a TBC in a highly inhomogeneous combustion mode, the spatial and
temporal variations in heat flux, and subsequent surface temperature response must be
captured.
1.4 Thermal Barrier Coatings – Material Properties and Manufacturing
1.4.1 Plasma Spray Manufacturing
Thermal barrier coatings for Gas Turbine or IC engine applications are by vast
majority applied by a plasma spray process. Refractory oxide ceramics on the order of
microns to several millimeters can be applied through a plasma spray process [60]. The
plasma process is differentiated into two main types on the basis of the precursor phase
prior to application; solid or liquid. Air Plasma spray uses solid powder feed stocks, while
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solution precursor plasma spray uses a liquid precursor. For this work, only the air plasma
spray process will be detailed further. The spray process is a function of three key process
parameters, the plasma spray jet formation, the particle injection, mixing, melting and
acceleration process, and the particle impact and solidification process [60]. The plasma
jet is created through a high Power (low voltage ~70V, high current ~300-1000 Amp)
plasma gun, that feeds a plasma gas (Ar, He, H2, N2) between two electrodes, a central
cathode and surrounding anode. An arc forms between the electrodes and generates plasma
from the feed gases. The plasma flame exits the spay gun at temperatures exceeding 10,000
K, and the particles are then fed into the plasma jet and are subsequently melted [61]. The
plasma jet not only melts the feedstock, but also accelerates the feedstock towards the
substrate. The high velocity melted particles impact the substrate and flatten upon
impingement, where they rapidly solidify. This process is repeated over several spray
passes to increase the coating thickness. The rapid solidification process leads to cooling
rates on the order of 107 – 108 K/s [60]. The ‘splat’ process or flattening and cooling into
a solid process is still a topic of active research, however it is well documented that this
process is what forms the microstructure typically seen for APS coatings. The splats or
lamellae form into a microstructure shown in Figure 9 below. Air Plasma Spray forms a
microstructure that is atypical of more traditional coating deposition microstructures (EBPVD, VPS, etc.) in that the vertical columnar formation is not seen.
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Figure 9: Microstructure from APS coating processes for Yttria Stabilized Zirconia at two
levels of magnification reproduced from [62].
The plasma spray process has several beneficial characteristics for TBCs. The
process creates inherent porosity on the order of 10-20% [62]. The porosity, combined with
the stacked layer of ‘splats’ reduce both the density (again on the order of 10-20%) as well

29

as the conductivity, which is reduced on the order of 2x [62]. The splat boundaries, or
layers, are seen as the darker areas in Figure 9. Combined with the porosity, these small
splat boundary cracks increase the thermal resistance pathway of the coating, and thereby
reduce the thermal conductivity. For the Yttria Stabilized Zirconia shown in Figure 9, the
fully dense sintered YSZ had a conductivity of 2.2 W/mK at 600 Celsius, while the Air
Plasma Sprayed YSZ had a conductivity of 1 W/mK.
1.4.2 Durability Risks for Thermal Barrier Coatings
Thermal barrier coating application carries some risk of failure, cracking,
delamination, oxidation, and erosion are all possible. Experimental studies for diesel
combustion have shown a plethora of examples of coating failure, a few examples are
shown in Figure 10, 14 and 15. A common trend in the early literature for adiabatic style
engines was coating failure, [17, 20, 63]. Monolithic ceramic coatings were most prone to
failure, typically catastrophically. Figure 10 shows a monolithic ceramic liner and piston
failure after 3 minutes of firing in an opposed piston two stroke engine [63]. The piston
and liner had been motored for 30 hours prior to firing and showed no signs of wear or
damage before firing. The coating manufacturer had no insights into the primary cause of
failure but listed that the mechanical forces from firing conditions were the most likely
culprit [63]. Yonushonis conducted an initial numerical study into the stresses of a coated
engine components and postulated that the cooldown after high temperature stress
relaxation at temperatures above 1000K was the primary cause of failure in thick (2.5mm)
YSZ coatings [23]. A different mechanism was proposed by Kamo and Bryzik, where high
temperature phase change was of critical importance, noting that MgO and PSZ observed
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initial phase change from a monoclinic crystalline formation at temperatures above 1175
Kelvin [15].
Adiabatic engine coated component failure mechanisms were all proposed based
on the operating temperature on the coating, and failure mechanisms from gas turbine
literature rather than on a detailed stress analysis. However quantifiable mechanisms for
the delamination or failure of the coating were not investigated or proposed. The operating
conditions in the IC engine differ significantly from a GT, and the mechanisms proposed
there do not directly align with the often-catastrophic failures shown in early thick TBC
literature. Original research into these failure modes is needed to quantify the coating
stresses during operation and the relation of stresses to failure modes known from gas
turbine literature.

Figure 10: Example coating failure after 3 minutes of firing for ceramic monolithic
coating inserts (liner and piston) in an opposed piston two stroke engine in 1983 [63].
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To characterize the coating stresses and develop insights into the failure mechanism
of the coatings, the gas turbine industry has generated a significant breadth of studies
investigating thermal barrier coating failure mechanisms, and this work can be leveraged
for analysis in an IC engine context. Carmona [64] reviewed proposed failure mechanisms
for thermal barrier coatings for gas turbines and identified four drivers for
spallation/delamination, the industry terms for coating failure. On a micro scale, spallation
is driven by crack formation, propagation, and coalescence [66]. The four cracking
mechanisms are shown in Figure 11. Type one failure is caused by thermally grown oxides
inducing tensile stresses within the bond coat. Thermally grown oxide (TGO) forms and
grows at the interface between the bond coat and the TBC, as oxygen diffuses through the
coating and reacts with the bond coat, growing and oxide scale layer. As the TGO grows,
the tensile stresses in the bond coat form cracks which eventually coalesce and spall the
TBC and bond coat. Type two failures occur from CTE mismatch stresses at the interface
between the TBC and the bond coat, with stress concentration occurring from the
roughness of the interface causing tensile stresses at the crest of the roughness undulation
[66]. Type three cracks are a subset of type two, wherein the stresses from the CTE
mismatch and stress concentration at crests create tensile stresses within the coating above
these undulations, leading to brittle failure. Type four cracks occur during late stage TGO
growth, wherein after a certain TGO thickness is grown, the CTE of the substrate/TGO
composite is dominated by the TGO CTE [65]. The TGO has a significantly lower CTE
than the bond coat and TBC [68], so the CTE mismatch stresses at the roughness undulation
‘flip’, The tensile stresses that were originally at the crest of the undulation shift to the
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trough, and cracks that had formed at the crest begin to propagate and coalesce towards the
trough of the undulation [66]. These failure mechanisms are phenomenological models of
the localized damage that occurs on the microscale. Macroscopic scale analysis of failure
utilizes failure models that are a function of the coating stress state, i.e., models that
correlate the stresses within the coating to when these cracks begin to coalesce delaminate
sections of the coating. In this fashion the prediction of the ultimate failure stress is
equivalent to the onset of large delamination cracking events. Macroscopic scale failure
models are used throughout coating literature to bridge the gap between the micro and
macro scale analysis [66].

Figure 11: 4 Crack mechanisms for thermal barrier coatings from [66].

33

The gas turbine literature leads to three categories for phenomena that affect the
stresses that cause type 1-4 crack propagation and therefore coating durability: stress
generation, stress concentration, and lifetime material property changes. The primary
source of stress generation is from the temperature field within the thermal barrier coating,
with two key phenomena [66, 67, 69] CTE mismatch and thermal gradients. Stress
concentration effects are from thermally grown oxide growth, interface morphology, and
substrate geometry [70, 71]. Finally material property changes over the lifetime of the
coating are driven by phase change, sintering, and creep/stress relaxation [66, 72]. An
overview of these primary drivers of stresses is given in Figure 12.

Figure 12: Factors that set or effect the stress states within a coating, identified from the gas
turbine literature, Figures adapted from [66].
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From a stress generation perspective, the temperature field within the thermal
barrier coating has a gradient, and during firing conditions the combustion chamber surface
is hotter than the interface between the TBC and the substrate, and therefore the thermal
expansion at the surface is higher than at the interface, this is known as the thermal gradient
stress. Second, at the interface between the TBC and the substrate, there is typically a
mismatch in thermal expansion between the two materials, leading to a strain differential
at the interface, this is known as CTE mismatch stress [66, 73]. The mechanical load, or
force applied from the high-pressure combustion gases will play a role in the stress field
that is generated in the coating. Additionally, there are stress concentrators which can
compound the effect of the two primary thermal stress generation terms. The substrate
geometry plays a role in the generation of stresses, specifically the radii or curvature as
well as convex vs concave nature of the surface [70]. Furthermore, the interface
morphology, or surface roughness at the interface between the TBC and substrate can
exacerbate the stresses at the interface, and lead to crack propagation, coalescence, and
eventual spallation (coating delamination) [74]. One aspect of TBC failure for gas turbines
has not been seen experimentally to specifically affect TBCs in the IC engine application:
namely oxygen diffusion through the thermal barrier coating. This diffusion can lead to
oxidation of the substrate and generate a Thermally Grown Oxide layer at the interface
between the TBC and substrate [66]. This oxide layer growth is dominated by the interface
temperature [71]. TGOs are a prevalent theme in gas turbine (GT) literature, however their
oxidation behavior is Arrhenius and therefore highly temperature dependent [75]. Schlegel
et al showed that thermal cycling lifetime could be doubled by reducing interface
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temperatures by 30 degrees at temperatures over 1000 C [75]. The interfacial temperatures
for IC engine applications are significantly lower than those found in the gas turbine
literature (1000+ C for GT, <400 C for IC engines). Of all the literature reviewed, the only
example of TGO growth in a diesel engine environment was from a study on thermal
barrier coatings for exhaust manifolds, wherein the manifold was thermally cycled for 125
hours at peak temperatures of 530 C [76]. The maximum thermally grown oxide thickness
was ~10 microns for the YSZ samples tested. Figure 13 below shows the oxidation rate
(plotted as severity) vs interface temperature, as can be seen, above ~900 C the oxidation
rate becomes exponentially larger [73]. In the temperature regimes previously reported,
and later found in this work, Oxidation leading to thermally grown oxides at the interface
is found to be of little importance.

Figure 13: Oxidation risk compared to interface temperature from [37].
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It is assumed for the remainder of this work that TGO growth is not an appreciable
factor in modeling TBC failure in an IC engine context, rather the stresses generated from
CTE difference induced strains or mechanical loading are the driving factors for types 2-4
crack coalescence and spallation failure.
1.4.3 Overview of TBC Lifetime Impacts
Finally there are TBC specific lifetime effects that can change the stress state and
lead to failure, which are material response to stresses (elastic vs elastic-plastic) [66, 77],
TBC sintering/morphological change over time [70], and phase change at high operating
temperatures. Sintering occurs at high temperatures (1000-1200 C), and causes grain
growth, crack healing and porosity reduction [78]. The effect is temperature driven and can
lead to property gradients developing through the thickness of the coating, as the surface
of the coating sinters faster than the substrate. Sintering leads to increased elastic modulus,
E of the coating, which increases the strain energy release rate, G, as well as increasing the
mismatch stress ultimately leading to spallation [78]. These relations are shown in
Equations 2 and 3, where KI is the stress intensity factor from fracture mechanics, and α is
CTE, and T is temperature difference from room temperature to operating temperature.
Sintering is a lifetime impact that is highly material specific, and as such the development
of a sintering model would only be applicable to the material it was developed for.
𝐺𝐺 =

𝐾𝐾𝐼𝐼2
𝐸𝐸 ′

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝐸𝐸 ∗ ∆𝛼𝛼 ∗ ∆𝑇𝑇
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(2)
(3)

A secondary lifetime impact is ratcheting, wherein cyclic loading past the plastic
yield stress and subsequent unloading creates a plastic strain offset. Petorak found that the
elastic modulus of the coating increases slightly with the onset of a plastic strain ratcheting
cycle [72]. For a cyclic, equal stress loading process (same stresses applied every cycle),
the plastic strain increase per cycle exponentially decays, i.e. the majority of plastic strain
occurs in the first few cycles, then subsequent cycles follow similar stress strain profiles
[72]. For increasing stress cycles (larger magnitudes of stress each cycle) the elastic moduli
increased with cycle number [72]. For thermal barrier coating fatigue analysis this effect is
critical to capture.
There have been several simulation studies for diesel engine thermal barrier
coatings to investigate the stresses and potential failure mechanisms, but these fall short of
providing a complete picture of the stresses generated in the coating [79, 80]. To briefly
summarize, the models use elastic material models, as well as Von Mises Stress to
characterize maximum stress states, both of which have been shown in ceramic literature
to poorly and often incorrectly predict or explain stresses [71]. Von Mises stress failure
criteria are used for isotropic ductile materials and do not account for anisotropic yield
stresses or hydrostatic failure in tension, both of which are critical aspects of the failure
mechanisms found in the TBC literature [71].
All of the variables that effect the stress field and subsequently potential for failure
outlined above are predicated on the temperature field within the thermal barrier coating.
Therefore to characterize and be able to make predictions on the root cause of failure for a
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TBC in an IC engine, an accurate and high fidelity spatial and temporal model of the
temperature field within the TBC must be generated.

Figure 14: Assorted Failures found in literature, A) In plane cracking parallel to interface,
B) Top: Edge delamination and crack propagation to surface, bottom: Through Coating
crack, and Bond coat substrate delamination C) General Coating Delamination on
Radii. Modified from [66]
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Figure 15: Early Press Fit ceramic cylinder liner failure after 16 hours of Firing [20]
1.4.4 Potential Next Generation Coatings
An initial literature review was conducted to identify potential coatings that could
be used in an IC engine, compared to the small number of coatings that are used in a gas
turbine application. Again, the high operating temperatures within a GT application
exclude a wide assortment of technical ceramics, and that requirement is relaxed
significantly in an IC engine. Figure 16 shows a preliminary assortment of potential TBC
coatings that could be used in an IC engine application, compared to the traditional TBC
coatings used in GT applications. The x axis in this Figure is a thermal property known as
effusivity, which the is square root of the product of thermal conductivity and volumetric
heat capacity. This term was identified in this work to be an excellent metric for
temperature swing and is provided here for consistency throughout this work. The Y axis
is CTE, expressed in PPM/K. A trend is found for traditional Gas Turbine TBCs, the
thermal effusivity is grouped around 2000, and the coefficient of thermal expansion is
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around 10 PPM/K or higher, highlighting that most TBC GT applications are striving to
minimize the CTE mismatch between the coating and substrate. With a relaxed maximum
operating temperature, and an unidentified target for CTE, there are a wide assortment of
potential candidate TBCs with better (lower) thermal effusivities (lower conductivity and
volumetric heat capacity).

Figure 16: Potential next generation TBC materials for IC engine applications. The X axis is thermal
effusivity, which is the square root of the product of thermal conductivity and volumetric heat
capacity. The Y axis is coefficient of thermal expansion, expressed in PPM/K.

The insights gained from the current body of work on thin, dynamic temperature
swing TBCs indicate that the viable path forward for increasing the efficacy of a
temperature swing coating is to search for a new coating with a natively low thermal
conductivity and inherently low thermal effusivity, rather than experiment with the
porosity of the coating. The porosity route has been shown to be fraught with risk or
spallation and erosion, as the operating conditions in a diesel engine are extreme, with high
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spatial variations in heat flux, incredibly high in cylinder pressures and temperatures
(200+bar, 2800K), and significant risk of erosion due to impingement of the high velocity
spray droplets.
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CHAPTER 2:
RESEARCH OBJECTIVES AND APPROACH
This work aims to answer the following questions related to the thermal
performance and durability of thermal barrier coatings in a mixing controlled combustion
(diesel) IC engine application.
•

What are the ideal thermophysical properties for best TBC performance with regard
to reduction of heat loss in the IC engine cylinder and increase of thermal
efficiency?

•

How does the spatial and temporal variation in heat flux within a MCC engine
affect the performance of a TBC and selection of a suitable material?

•

What failure mode is most prevalent in TBCs in a MCC environment and what are
the avenues for ensuring reliability and durability of the coating?
To answer these questions the following work is proposed in three sections. First a

simplified 1D finite difference solver model is created to characterize the effect of
thermophysical properties on the temperature swing capabilities of a thermal barrier
coating. A large sweep of thermophysical properties and engine operating conditions
are used to understand coating property impacts on the dynamic temperature changes
and provide insights into desirable coating properties that reduce heat transfer losses
for the identification of next generation thermal barrier coatings. This approach will
pursue a merit function for evaluation and comparison of next generation coatings, and
it is anticipated that thermal conductivity, volumetric heat capacity and thickness will
be the key variables.
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Second, a high-fidelity 3D co-simulation framework will be developed that links
CFD simulation of the thermodynamic process in the cylinder and FEA simulations of
a thermal barrier coating on a production relevant diesel piston to investigate the effects
of a TBC on combustion and heat loss. The goal is to predict spatially resolved
boundary conditions to study the real-world impact of a particular coating on heat
transfer reductions, and in turn, correlate the heat transfer reduction to cycle efficiency
improvements. In addition, the framework will predict the temperature field within the
TBC, thus providing critical constraints for the selection of the coating material.
Thirdly, the high-fidelity temperature field from the CFD/FEA co-simulation will be
coupled to a thermal mechanical stress model, to investigate the failure mechanisms
and identify the sensitivity of the failure stress sources to thermophysical properties of
the TBC and boundary conditions on the gas side.
2.1 Approach
2.1.1 Thermal Performance Evaluation
To evaluate a thermal barrier coating’s effectiveness in an IC engine application, a
1D composite heat conduction finite difference solver is developed. The goal of this
modeling work is to identify the effect that various thermophysical coating properties have
on the ability of the coating’s surface temperature to dynamically track the temperature of
the gas in the cylinder. The model will use a merit function to evaluate each coating variant,
which is defined as the cumulative cycle heat transfer losses compared to the baseline metal
case. The model is used to investigate the large design space of multiple families of
ceramics for potential use in the MCC environment. First, this modeling tool will be used
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to develop insights into the thermophysical properties effect on coating swing and identify
the parameters that reduce heat transfer most effectively. Second, the model will be used
to run large parametric sweeps of boundary conditions and thermophysical properties to
develop large data sets for regression analysis. The goal of these data sets is to identify the
relative impact of each thermophysical property, and to develop a functional form between
the thermophysical properties and the associated heat transfer loss reduction, thereby
providing easy identification of potential next generation coatings, as well as a metric to
compare thermal barrier coatings for a given engine operating condition. The latter is
intended to provide critical guidance to any future efforts focused on development of
coating formulations for IC engine applications.
2.1.2 Co-Simulation Development
The approach based on 3D co-simulation framework aims to accurately
characterize the temperature field within a TBC in a highly heterogeneous heat flux
environment typical of a process in the diesel engine cylinder. Extreme spatial variations
are unique to this mode of combustion, in stark contrast to the in-cylinder environment in
the SI or HCCI engine. Through asynchronous co-simulation, heat flux and wall
temperature boundary conditions are passed between a CFD model that characterizes
combustion, gas exchange, and heat transfer to the combustion chamber boundaries, and
an FEA model that has the ability to model the surface temperature of a thin (~100 um)
thermal barrier coating. Previous TBC simulations for both coating thermal performance
and failure analysis have fallen short, as they primarily use steady state, area averaged
boundary conditions, instead of resolving the spatial and temporal conditions at the TBC
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surface [79, 80]. The framework, explained in greater detail in chapter 4, resolves the
spatial and temporal boundary conditions for both the CFD and FEA in an iterative loop,
and therefore does not hinder either model by requiring matching time scales. The results
from the co-simulation framework provide insights into the maximum temperature the
TBC experiences at peak load in the MCC engine and provides further guidance for down
selection of future coatings by eliminating coatings that would exceed the melting point
temperature at rated speed and load conditions.
2.1.3 Failure modeling
It is postulated that of the critical stresses that lead to failure in a gas turbine
application, the thermal gradient stresses and CTE mismatch stresses are of the utmost
concern in an IC engine context. Lifetime concerns, such as sintering, phase change, or
stress relaxation/creep are of secondary importance, and are material specific.
To develop an understanding of the root cause of thermal barrier coating failure in
an IC engine it is of the utmost importance to 1) accurately model the thermal field within
the TBC and the substrate 2) correctly define the thermophysical properties and material
reactionary responses 3) Accurately represent the initial state of stress within the coating
from the thermal spray process, and 4) understand the crank angle resolved intracycle stress
states generated (within a single combustion event), as well as the cumulative stress states
(i.e. super cycling) .
To accurately characterize the thermal stresses and identify the key source of stress
that could lead to failure, an accurate prediction of the temperature field within the thermal
barrier coating is a prerequisite. The thermal co-simulation analysis will be leveraged to
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provide these high-fidelity predictions of the temperature field within the TBC, and these
predictions will be coupled to a thermal mechanical stress simulation to predict stresses
and strains. Furthermore, the mechanical model of the coating must represent the physical
characteristics of the ceramic in response to strain. To accomplish this, empirical models
from gas turbine literature will be adopted as a starting point and yield criteria will be
calibrated for the materials investigated in this work. The mechanical model for TBC
ceramics is highly complex. As an example, the thermophysical and mechanical properties
are anisotropic in nature, meaning the ultimate yield stress for a thermal barrier coating
like Gadolinium Zirconate is 10x weaker in tension than compression, similar to concrete.
Compounding this, the mechanical strain effects are plastic after a certain strain limit
occurs, as such the modeling work utilizes a principal yield surface to both capture the
small amount of plasticity and the ultimate stress state at which failure occurs.
To accurately represent the mechanical properties of the thermal barrier coating and
provide an assessment of the potential stress states that could lead to failure, a piecewise
iterative process is proposed to characterize each potential failure mode individually, then
together. The 3D model will be validated and subsequently used to parametrically sweep
material properties such as conductivity, density, and coefficient of thermal expansion, thus
enabling investigations of their effects on temperature gradient and CTE mismatch stresses.
The results from these parametric studies characterize the impacts of each on the
hypothesized root cause of critical stresses, e.g., CTE mismatch or thermal gradient
stresses. Finally, the fully resolved 3D piston model will be constructed using all the
material models validated from the simplified 3D analysis to fully resolve the spatial and
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temporal effects of the complex piston geometry and boundary conditions in time and
space. The goal is to provide insights into the key mechanisms that could produce high in
plane tensile principal stresses which clearly pose a severe failure risk for ceramics. This
systematic approach will provide guidance for thermophysical properties for next
generation coatings to avoid these root causes of failure.
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CHAPTER 3:
FUNDAMENTAL CONSIDERATIONS FOR COATING MATERIAL SELECTION
AND CHARACTERIZATION OF THERMAL PERFORMANCE FOR MAXIMUM
HEAT REJECTION REDUCTION
3.1 Thermal Performance Metrics
Thermal barrier coating selection in the past has primarily been driven by ‘off the
shelf’ coating formulations, i.e., coatings that have been proven effective in gas turbine
applications. Standard thermal barrier coating materials are Magnesium Oxide, 7-8% Yttria
stabilized Zirconia, and Gadolinium Zirconate. However, as described in chapter 1 the ideal
candidate material for a TBC in a gas turbine application is not necessarily the same as for
an IC engine application. The transient, cyclical nature of an IC engine presents challenges
and opportunities for optimizing a TBC. For Gas Turbine applications, the factors driving
down selection of TBCs are maximum service temperature and conductivity [66]. However
for an IC engine application, researchers have pursued two different paths for improving
the temperature swing behavior of a TBC, namely natively lower thermal conductivity [38,
39], and high porosity coatings [81]. Both methods have shown the capability to improve
upon previous coatings, however an in-depth analysis has not been conducted to
parametrically investigate the design space (thermophysical properties as well as coating
thickness) and identify the best path forward for better thermal barrier coatings. Additional
motivation for this work stems from the fact that lower peak temperatures in an IC engine
application enable considerations of a much wider range of materials, outside of those used
in gas turbines.
The following work in this chapter will build upon each previous segment, either
increasing the fidelity or expanding on the variables of interest. The analytical solution to
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a simplified form of engine heat transfer is analyzed to understand the sensitivity of the
model to thermophysical properties and identify variables of interest, two are identified,
namely effusivity and diffusivity. Secondarily, a simplified 1D finite difference model is
used to conduct a parametric study to investigate the material properties in the context of
the identified terms from the analytical solution. A functional form of heat transfer losses
is then proposed from this case to understand the sensitivities to the base thermodynamic
properties; conductivity, and volumetric heat capacity (HTlosses = F(k, ρcp)). Finally, a large
set of high fidelity experimentally derived boundary conditions from a single cylinder
heavy duty diesel engine is applied to the finite difference solver to investigate the effects
TBC conductivity, volumetric heat capacity, and thickness on heat transfer reduction for a
variety of engine speeds and loads. A regression is performed to understand the functional
relationship between these factors and the heat transfer reduction. This regression is
proposed as a merit function of heat transfer reduction for comparison and down selection
of next generation TBCs.
3.1.1 Analytical Solution for 1D Transient Periodic Heat Flux on composite media
To better understand the heat transfer process at the wall, as sensitivity study is
conducted with the analytical temperature field solution to a periodic (transient) heat source
applied to a composite 1D media. The analytical solution and necessary terms are provided
in equation 4-7 below, and the derivation can be found in [82].
(4)
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(5)

In equation 5, Io is the peak heat flux intensity (magnitude) from a Cosine wave form
boundary condition, ε is thermal effusivity, µ is the effective thermal penetration depth,
and ω is the driving heat flux frequency. Two terms of interest arise in equation 5, the first
is effusivity (equation 6) in the denominator of the pre-exponential, as well as diffusivity
(equation 7) which is contained in both exponential terms.
𝜺𝜺 = �𝒌𝒌𝒌𝒌𝑪𝑪𝒑𝒑
𝜶𝜶 =

𝒌𝒌

𝝆𝝆𝒄𝒄𝒑𝒑

(6)
(7)

Analytically, effusivity dictates the amplitude of the surface temperature swing,
while the diffusivity defines the phase lag of the wave like propagation of heat through the
coating, as well as the effective penetrative depth of transient temperature change withing
the material.
Effusivity has been defined as thermal impedance [82], as it represents the ability
of a material to exchange heat with its surroundings. An example, given in [82], is to touch
two objects, one wood, one metal, that are at the same temperature before the experiment.
The metal object will appear to feel colder to the observer than the wooden object. This is
explained through the ratio of effusivities, metal has a very large effusivity compared to
human skin, and so the skin temperature will quickly equalize to a temperature close to that
of the metal object. The reverse is true for wood, having a much smaller effusivity than
human skin, the wood rapidly equalizes to a temperature close to the skin temperature. The
lower effusivity material will come to an equilibrium temperature that is closer to the larger
effusivity object. In the context of thermal barrier coatings, effusivity represents the
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temperature swing effect, the ability of a material to dynamically change its surface
temperature when heat flux is imposed upon it. A lower thermal effusivity material will
produce a higher temperature swing, as effusivity is in the denominator of the temperature
field analytical solution.
Equation 6 was used to develop a model to derive insight into the effect of the
thermophysical properties K, and ρCp on the surface temperature dynamics. For this model,
a frequency of 10 Hz was selected to represent 1200 RPM, Io of 10 MW was used as the
peak heat flux during combustion, and thermophysical properties of Gadolinium Zirconate
were used (K = 1 W/mK, Rho = 5000 kg/m3, Cp = 450 J/kgK).
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Figure 17: Analytical solution of periodic transient heat flux on composite media for 3
different thermophysical properties, i.e., a baseline, as well as a 5x reduction in
conductivity and density.
In Figure 17, a simple thermophysical property sweep was conducted, the baseline
(red) case used the thermophysical properties above, then the conductivity and density were
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reduced by a factor of five. Analytically this reduces the thermal effusivity by the same
amount, so the peak surface temperature is increased for the two cases, and they are the
same. The interesting phenomena that arises is from the effect of changing the material
properties on the thermal diffusivity. Reducing conductivity lowers the thermal diffusivity,
and therefore reduces the thermal effective penetration depth µ. Lowering the density of
the material increases the thermal diffusivity and therefore increases the thermal
penetration depth. This finding is a crucial element in backing the hypothesis that a thin
coating can provide significant heat loss reductions in a transient cyclic process, if the
penetrative depth is less than the thickness of the coating.
3.1.2 1D Finite Difference Model Development
To investigate the thermophysical property effects of a thermal barrier coating on
surface temperature and heat flux reduction a one-dimensional finite difference model was
developed. The model uses a second order explicit central differencing scheme to simulate
the temperature field in a composite block. A 100-micron thick thermal barrier coating is
modeled with perfect thermal conduction to a 4mm thick steel substrate, to represent a steel
piston. A physical step size of 5 microns is used for the X direction within the thermal
barrier coating, and a step size of 10 microns is used for the steel substrate. The time step
is determined by the Courant stability criteria, which is evaluated independently for both
the thermal barrier coating and the steel substrate, the smaller of the two is used. Heat flux
is imposed on the top node of the thermal barrier coating by a Neumann boundary
condition, and the values of the heat transfer coefficient and gas side temperature for the
heat flux are taken from either the spatial piston average of a high fidelity CFD simulation
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or derived from experimental data. This model requires a backside boundary condition that
models the oil cooling effect on the backside of the piston. A Neumann boundary condition
was used, and the baseline model without the steel piston was used for validation. A
temperature plug was installed in a piston and run at the rated condition that was modeled
in CFD. The peak temperature identified by the temperature plug was used as the target
surface temperature of the model, and the backside heat transfer coefficient was tuned so
that the surface temperature matched with the experimental results. A final value of 3235
W/m2K was used, along with a fluid temperature of 95 C for the oil. Figure 18 pictorially
represents the geometry of the model used for the following parametric study.

Figure 18: Pictorial representation of 1D finite difference model geometry and boundary
conditions.
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An example of the effects of thermophysical property changes on temperature
swing is given in Figure 19. A small DOE sweeping conductivity (0.2-1 W/mK) and
density (1000 -5000 kg/m3) is shown, with the top row grouping temperature swings by
constant conductivity, and the bottom row being grouped by constant density. The same
25 cases for temperature swing are plotted in the top and bottom rows, only the grouping
changes. The top row (A-E) highlights that reductions in the density of the coating increase
the temperature swing response of a coating, reduce the temperature of the coating during
the intake portion of the cycle (-360 to -180), and reduce the residence time at high
temperatures after top dead center (0 degrees). The bottom row, (F-J) highlights that
conductivity as well increases the magnitude of the temperature swing of a coating, the
coating temperature during gas exchange is slightly higher with lower conductivity, and
the residence time at higher temperatures is increased with reductions in conductivity.
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Figure 19: Surface Temperature response for a conductivity and density sweep. A-E show the
effects of changes in density at set conductivity, while F-J show the effect of changing
conductivity at set densities. The same 25 temperature swings are plotted in both rows, just plotted
by same conductivity in the top row, and by the same densities in the bottom row.

3.1.3 Parametric Study of Material Properties
The model outlined above was used to conduct a much larger parametric study of
thermal barrier coating thermophysical property effects on surface temperature dynamics
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and heat transfer losses. Effusivity and thermal diffusivity were identified from the
analytical solution as initial metrics for evaluating the performance of a thermal barrier
coating. Thermal performance of a coating will be evaluated based on the cumulative heat
flux transferred to the coating, not temperature swing. This differentiation is critical, as
evaluating a coating on maximum swing (fundamentally what effusivity is a metric for) is
different from the true goal of the thermal barrier coating, which is to reduce heat transfer.
The analytical solution showed that any reduction in thermal effusivity increased the
magnitude of the temperature swing effect. However, the two possibilities for reducing
effusivity (lowing conductivity or density) have opposite effects on the thermal diffusivity,
shown in Figure 20.

Figure 20: Thermal effusivity and diffusivity sweep for varying Density and
Conductivity.
To evaluate the two approaches to improving thermal barrier coating performance,
conductivity and density were swept and compared against each other in terms of constant
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effusivity, i.e., effusivity for both cases ranged between 400 and 3000. The conductivity
case ranged from 0.06 to 3.6 W/mK and used fixed real-world values for density and
specific heat, 5000 kg/m3 and 500 J/kg K respectively. The density case ranged from 320
– 18,000 kg/m3 and used fixed values for conductivity and specific heat, 1 W/mK and 500
J/kgK respectively.
In Figure 21, the results of the parametric study are shown via the surface
temperature and interface temperature, separated out by the coating properties to gain a
better understanding on the individual property effects on surface temperature swing. The
left-hand plots are the conductivity sweep, and the density sweep is on the right. For each
plot, thermal effusivity is on the Y axis, crank angle on the X axis, and temperature on the
Z axis. For the conductivity sweep case (LHS), decreasing conductivity reduced the
effusivity and increased the surface temperature swing effect. The thermal diffusivity and
therefore thermal penetration depth followed the same trend, so the interface temperature
between the TBC and substrate became less effected by the periodic transient surface heat
flux. At the lowest effusivity case, the interface temperature showed no transient behavior,
and a lower average interface temperature. For the decreasing density case, the trend is
similar for the surface temperature; lower effusivity increases the dynamic temperature
swing. However, the magnitude is not the same as the conductivity case with the same
effusivity value, indicating that effusivity is not a perfect metric for thermal performance
and temperature swing magnitude. The reason for reduced temperature swing amplitude
for the density sweep cases is the increase in thermal diffusivity and thermal penetration
length. Lower density coatings allow heat to propagate further into the coating, reducing
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the surface temperature swing effect. This is highlighted in the interface temperature.
Lower density (higher diffusivity) coatings propagate more heat to the interface, and the
interface temperature becomes more dynamic. One additional trend that persists is the
difference in the rate of cooldown, with the conductivity cases (predicted with an upper
bound value of density) showing a longer residence time at higher temperatures. To achieve
a lower thermal effusivity with decreases in the density, the coating will require an increase
in the thickness of the coating to ensure that the penetrative depth of the coating is less than
the total coating thickness. However, when reducing conductivity to reduce effusivity, the
penetrative depth decreases as well, enabling even thinner highly dynamic temperature
swing coatings.

Figure 21: Surface temperature and interface temperature for the conductivity and
density cases where A) surface temperature for the constant density, varying
conductivity sweep, B) Surface temperature for the constant conductivity, varying
density sweep, C) interface temperature for the constant density, varying conductivity
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sweep, and D) interface temperature for the constant conductivity, varying density
sweep.
To understand where the two cases begin to diverge, the temperature swing
magnitude was compared the effusivity of the conductivity and density cases. Figure 21
shows that at around an effusivity of 1000 or lower, reducing the conductivity provides a
better avenue for increasing the temperature swing. In the applied context, it is not easy to
reduce the conductivity of a given thermal barrier coating, meaning that for the next
generation of TBCs for IC engine applications, steps should be taken to identify coatings
with natively lower thermal conductivities, as opposed to increasing the porosity to reduce
density.

Figure 22: Effusivity vs temperature swing for the two cases. The deviation in
temperature swing magnitude begins around an effusivity of 1000. Below and
effusivity of 1000, reductions in thermal conductivity lead to higher temperature
swings than reductions in density/volumetric heat capacity.
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To quantitatively investigate the heat flux transferred to the piston/substrate, the
parametric sweep was revised to compare the conductivity vs density sweeps on a heat
transfer loss basis. To accomplish this, the heat flux at the surface was integrated in time
to calculate the energy transferred from the gas to the wall per m2 [J/m2]. Figure 23 shows
the effusivity vs cumulative heat transferred value for the two sweeps, and the same
deviation between the two sweeps at an effusivity value ~1000 is found. This indicates that
lowering the native conductivity of the material provides a better avenue for reducing heat
transfer, but also confirms the hypothesis that effusivity (which correlates to temperature
swing) is an imperfect quantity for assessing heat transfer reduction, especially for higher
performance coatings.

Figure 23: Cumulative heat transfer in J/m2 vs. effusivity for the density and conductivity
sweeps. Below an effusivity of 1000, the method to achieve a low effusivity, either low
density or low effusivity begins to affect the cumulative heat transferred, where low
effusivity achieved by low thermal conductivity is able to reduce heat transfer losses
more.
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3.2 Functional Form development for Heat Transfer Losses
To ascertain a functional relationship between the thermophysical properties and
the effectiveness of a potential coating to reduce cumulative heat transfer (lower J/m^2),
an initial visualization was done using thermal conductivity and volumetric heat capacity
as independent variables to develop a merit ‘surface’ for evaluating potential coatings. The
analysis from the previous section was expanded, to no longer match effusivity as a
function of either conductivity or volumetric heat capacity, but rather to run a large matrix,
sweeping both. The merit surface is a 3D surface, but it is best to visualize as a top-down
contour plot. The 2D contour plot shown in Figure 24 shows the merit surface for the
original boundary conditions from the previous section. Additionally, Gadolinium
Zirconate is marked to provide a reference.
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Figure 24: Merit surface for parametric sweep with thermal conductivity and volumetric
heat capacity as independent variables.
Figure 24 also shows the values of a ¼ reduction in the two independent variables
and the effect that would have on the coating’s location on the merit surface. While the
scale of both axes here is an appreciable factor, the merit surface values for the ¼ K vs ¼
Rho are a 16.9% reduction vs a 10.4% reduction of cumulative heat transfer respectively,
further indicating the nonequal effect these coating properties have on heat transfer
reduction performance. The results from this numerical study indicate that a reduction of
thermal conductivity provides more returns that lowering the density by the same factor.
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Figure 25: Cumulative heat transfer as a function of Volumetric heat capacity and
thermal conductivity, depicted with isolines of thermal conductivity.

Figure 26: Cumulative heat transfer as a function of thermal conductivity, with
Volumetric heat capacity isolines.
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Figures 25 and 26 show different cross-sectional views (Y-Z and X-Z respectively)
of the merit surface that was shown in X-Y coordinate frame in Figure 24. Two important
concepts arise from analysis of Figures 25 and 26, 1) the bandwidth of the cross sections
indicates the total amount of change the independent color variable has on the heat transfer
reduction and 2) the shape/functional form of the merit function vs the independent plotted
variable are different. It is important to note that the Figures above are all plotted from a
conductivity of 0.1 to 1 W/mK, and a volumetric heat capacity of 400,000 to 4 million
J/m3K. Both variables are in the relative ranges of thermal barrier coatings. In Figures 25
and 26, the bandwidth, is akin to a 10 X reduction of the independent color variable. While
the reduction of conductivity, or bandwidth, for Figure 25 is greater, the slope of the surface
is lesser. For the worst-case conductivity of 1 (top right), the 10x reduction in volumetric
heat capacity reduces the heat transfer (moving to the left) by 12.6% on a relative basis. In
Figure 26 a 10x reduction in thermal conductivity (moving right to left), assuming the
worst-case volumetric heat capacity yields a 30.5% reduction in cumulative heat transfer.
3.2.1 Discussion of the Initial Merit Surface
This merit surface is useful for comparing two different coatings, as any reasonable
combination of volumetric heat capacity and conductivity for a thermal barrier coating are
contained within the bounds of the surface. The surface will also be useful in assessing the
effect of using porosity to a certain degree to magnify the heat transfer reduction effect.
While high fidelity porosity modeling is outside of the scope of this work, it has been
shown that for a merit surface as a function of conductivity and volumetric heat capacity,
a reduction in conductivity by the same degree as volumetric heat capacity is more effective
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at reducing heat transfer. It may be of interest to coating developers to ascertain the
beneficial effects of some level of porosity, as it reduces the density and lowers the
effective thermal conductivity to some extent. All previous reported sections were for
hypothetical coatings, that were assumed completely dense to eliminate compounding
effects or porosity on conductivity; however, it is worth investigating in the merit function
context. For example, the merit surface can be used as a tool to compare two pathways for
improving an existing coating, 1) reduce the density through porosity, or 2) identify a new
coating material with a lower native conductivity. The surface can be used to test an X%
reduction in density (with the conductivity effects factored in as well) of a current coating,
so that a new point on the surface can be obtained. Then an isoline can be drawn for that
associated merit value, and any new material that has properties that lead to a value equal
to or less than that isoline will perform the same or better, while being fully dense. An
example for Gadolinium Zirconate, with a porosity sweep from 0 to 50% in 10%
increments is shown in Figure 27. The effective conductivity is calculated two different
ways identified in literature, blue dots and lines use equation 8, while red dots and lines
assume a linear reduction in conductivity with porosity. For these two cases, the relative
heat transfer reduction (new – GdZr/GdZr) with 50% porosity is 28% and 14% for equation
8 vs the linear relationship respectively.
1−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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(8)

Figure 27: Porosity effects on merit surface values and isolines of equitable coatings that
will match the heat transfer reduction.
Figure 27 highlights the importance of the merit surface as a tool to critically
analyze the benefit of added porosity. The black dot represents a standard dense
formulation of Gadolinium Zirconate. Each Blue dot and blue isoline represent an
additional 10% increase of porosity using equation 8, while the red dot and isolines
represent 10% increases in porosity using a traditional linear correlation between porosity
and conductivity. If a manufacturer has an internal limit of 20% porosity, the merit surface
can be used to identify the effective heat transfer reduction of the dense, and porous
coating. Additionally, if there are multiple materials of interest for the coating application
they can be compared with this surface. Any material that exists to the left of the isoline is
a material that will reduce heat transfer more than the porous coating. The methodology
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allows researchers or manufacturers to identify if a new coating, or a current coating with
porosity is a better choice for reducing heat transfer.
The merit surface developed above was generated using CFD boundary conditions
applied to the finite difference solver noted at the beginning of the chapter. However, this
was for one operating condition and used spatially averaged CFD generated heat fluxes for
the combustion chamber boundary condition. To develop a functional form of the merit
surface (equation that uses Rho*Cp and conductivity to define the surface) additional speed
and load engine operating points are needed, and this is addressed in the next section.
3.3 Merit Function Validation and Extraction of Guidelines for Coating Selection
The previous merit surface example was generated using spatially averaged CFD
boundary conditions applied to the finite difference solver for a single operating condition.
To expand out and verify the proposed merit surface, additional experimental data from a
single cylinder heavy duty diesel engine was used to generate boundary conditions and
validate the merit calculations. Subsequently a large set of calculations is performed to
create merit surfaces over a range of operating conditions. In depth analysis ultimately
yields clear guidance for selecting the coating properties that best reduce heat transfer
losses, as the methodology indicates both the i) most dominant thermophysical property
affecting heat transfer losses, and ii) zones of high gain vs. diminishing returns.
A custom written post processing routine was written to calculate the Hohenberg
heat transfer coefficient, which was then scaled using an energy balance to match the
experimental heat transfer losses. A test matrix of four speeds (900, 1100, 1300, and 1600
RPM) across 4 loads (25%, 50%, 75% and 100% of rated load) was used to develop a map
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of heat transfer boundary conditions for the typical engine operating map. This additionally
allows for model sensitivity to engine speed and load, two factors that will affect heat
transfer losses.
The experimental data was gathered on a 2.1L single cylinder engine, with a bore
of 132 mm, and a stroke of 156 mm, with a compression ratio of 20.3:1. The engine
architecture was designed to mimic that of a production Detroit Diesel 13L power cylinder,
with the same geometry piston and cylinder head and it was setup for research testing in
the Detroit Diesel R&D center in Stuttgart. Germany. The engine was equipped with a
Kistler 6125c in-cylinder pressure transducer. A Central mount injector with variable rail
pressure was used, and the factory rail pressure map as a function of speed and load was
used. Certification grade Diesel fuel with a lower heating value of 42.64 MJ/kg was used.
The finite difference solver methodology was improved upon for this work,
integrating the solver within an experimental data post processing routine. The post
processor took the in-cylinder pressure, intake pressure, intake mass flow rate, engine
geometry, fuel flow rate, and equivalence ratio to calculate the closed cycle engine apparent
heat release. Energy closure with the Hohenberg correlation was used to scale the heat
transfer losses. The ideal gas law equation of state and mixture properties from the NASA
polynomials [83] were used to calculate the bulk temperature of the gas for the heat transfer
calculation, as well as the ratio of specific heats. The open cycle heat transfer was modeled
using a validated 0D thermodynamic model that was coupled to the post processor. The
thermodynamic model used the measured intake pressure, exhaust pressure, valve timings,
valve areas, mass fraction burned, fuel mass injected, injection timing, and a variety of
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temperature measurements from the experimental data to model the open cycle mass flow,
in cylinder composition, and thermodynamic state. The Woschni open cycle correlation
[55] was used with the validated predicted pressure, temperature, and volume to calculate
the open cycle heat transfer coefficient. The Hohenberg Correlation was used for the closed
cycle heat transfer to maintain consistency with the experimental post processing routine.
The experimentally derived heat transfer coefficient is shown in Figure 28. With the
simulated heat transfer coefficient to show the excellent agreement for the closed cycle, as
well as the simulation predicted open cycle heat transfer coefficient.
The same test matrix of thermophysical properties for hypothetical TBCs
from the previous section was used with this analysis, sweeping conductivity from 0.1 to
1 W/m2K, and Volumetric heat capacity from 350,000 to 3,500,000 J/m3 K. The thickness
of the TBC was also swept from 100 to 500 microns, in 100-micron steps. The 16
experimentally derived heat transfer boundary conditions (Speed x Load) were applied to
the finite difference solver within the thermodynamic model, such that the surface
temperature was used in the calculation of the cycle heat transfer losses. Using this
approach, heat transfer losses can now be viewed either by cumulative energy transferred
to the piston, cumulative heat transfer losses as a fraction of fuel energy or indicated
thermal efficiency improvement. For the following work, the relative reduction in heat
transfer losses as a fraction of the metal heat transfer losses is used, i.e., coating heat
transfer losses (fraction of fuel energy) / metal heat transfer losses (fraction of fuel energy).
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Figure 28: heat transfer Coefficient for the 25% LOAD RPM sweep.
The merit surfaces generated by this data set are of the same functional form (shape)
as the previously reported surfaces. An initial study of various functional forms of K and
Rho*cp was conducted to understand the dependence of the heat transfer loss reduction on
the independent variables. The fitting was heuristic in practice, however the fitting process
thoroughly examined

-9th – 9th order polynomial fits, exponentials, and trigonometric

functions for best fit. The best fitting function for the data sets investigated is provided in
equation 9.
𝜌𝜌𝑐𝑐𝑝𝑝

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1 + 𝑎𝑎 log(𝐾𝐾) + 𝑏𝑏 ∗ log �𝜌𝜌𝑐𝑐

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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� − 𝑐𝑐 ∗ 𝐾𝐾 − 𝑑𝑑 ∗ 𝜌𝜌𝑐𝑐𝑝𝑝

(9)

The variables a, b, c, and d are the curve fitting parameters to adjust the slope and
scaling of the logarithmic x and y axes. These parameters were identified for each data set,
then an additional regression will be performed to correlate Speed, Load and Thickness,
with a, b, c and d. An example fitting of the merit surface is provided in Figure 29 for the
1300 RPM, 50% load point. The merit surface for this regression was the cumulative heat
transfer, or energy lost to heat transfer losses for the entire cycle, in Joules. The cumulative
energy lost to the wall was normalized by the baseline metal case, such that the z axis
ranges from 0 to 1. It is important to note that the cumulative heat transfer loss is for the
entire cylinder, not just for the surface of the piston, so the merit surface represents the %
of heat transfer losses that are reduced compared to the metal baseline case. A value of
0.85 indicates that the coated case only had 85% of the cumulative heat transfer of the
metal baseline case, so 15% of the heat transfer losses were reduced and are either
converted to additional useful work or exhaust enthalpy. This metric was utilized instead
of indicated thermal efficiency increase as it is more universally applicable, especially so
for engines that anticipate using waste heat recovery systems.
The final set in the curve fitting procedure was to normalize x and y axis such that
the max vs minimum values range from 0 to 1 as well. This was done to make an equitable
comparison of the curve fitting coefficients. The surface fit shown in Figure 29 maintained
an R2 of .996, a SSE of .0088, and an RMSE of 0.0096.
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Figure 29: Data regression to fitted merit surface for 1300 RPM 50% load case.
The merit function has four curve fit parameters, the curve fit parameter a
represents the shape factor for the surface when viewed from the X-Z plane (Figure 25).
The curve fit parameter b represents the shape factor for the surface when viewed from the
Y-Z plane (Figure 26). To separate out the effects, it is easiest to view the merit surface as
independent logarithms in the XZ and YZ plane that are additive to form the surface in 3D.
The surface regression is logarithmic, so a and b are nonlinearly weighted, and effect the
surface to a greater extent near the XY origin. Any positive value for a or b reduces the
magnitude (heat transfer losses) of the merit surface for the lower conductivity/volumetric
heat capacity coatings. This is pictorially represented in Figure 30. The same is true for c
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and d, increasing c and d reduces the merit function total value for coatings with higher
thermal conductivity and volumetric heat capacity.

Figure 30: logarithmic function sensitivity to curve fitting parameters
The surface regression was conducted for all 16 operating conditions, each repeated
for all five coating thickness cases applied to the piston, generating 80 data sets for surface
fitting. Each surface can be viewed in Figure 31-35, which are plotted as XY surface
contours in 2D. Figures 31-35 show the merit surface (heat transfer loss reduction in
percentage) as a function of coating conductivity and volumetric heat capacity. Each sub
plot represents a speed and load point, and each plot represents a coating thickness, ranging
from 100 microns to 500 microns. The merit surface represents the % reduction in heat
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transfer losses for the coating compared to the baseline metal case. For context, imagine
an operating condition wherein 20% of the fuel energy is heat transfer losses. A merit
surface value of 0.9, or 90% indicates that the coating reduced heat transfer losses by 10%,
therefore 2% of the fuel energy is now available for additional work extraction or exhaust
enthalpy. The contour lines are plotted in 1% increments, with every 10% reduction
highlighted with a thicker black line. Initial trends arise for all coated cases, notably that
heat transfer reduction is increased with increases in engine speed and load. Additionally,
the slope of the isolines indicate the relative effect of changing the thermal conductivity
vs. volumetric heat capacity. A more vertical slope indicates that heat transfer reduction is
more sensitive to changes in thermal conductivity, while a more horizontal slope indicates
that heat transfer reduction is more sensitive to reductions in volumetric heat capacity. In
the cases presented the slopes are all nearly vertical, indicating that the heat transfer
reduction capability of a coating is far more sensitive to changes in thermal conductivity
than volumetric heat capacity. A different way to view this effect is to envision a 2x
reduction in conductivity or volumetric heat capacity of a coating. For conductivity this is
achieved by moving horizontally to the left for any of the plots shown. For volumetric heat
capacity this is a vertical shift downwards. Each isoline that is crossed represents a 2%
reduction in heat transfer losses. There is a clear trend that a 2x reduction in conductivity
provides far greater returns than a 2x reduction in volumetric heat capacity. Additionally,
there is a reduction in heat transfer losses to some degree by increasing coating thickness.
This affect will be discussed in a later section, however it is worth noting that these
increases in thickness do increase the average temperature of the coating and run the risk
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of reducing the volumetric efficiency of the engine, a phenomena that is not well captured
in the 1D model, as the open cycle Woschni correlation is used for gas exchange heat
transfer. For general context when analyzing Figures 31-35, the lower the value of the color
contour the better the heat transfer reduction of the coating.

Figure 31: 100 Micron Thick Coating, merit surface regression for the 4x4 speed load
points. Each individual sub plot represents the merit surface as a function of coating
thermal conductivity (x Axis) vs volumetric heat capacity (y axis)
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Figure 32: 200 Micron Thick Coating, merit surface regression for the 4x4 speed load
points. Each individual sub plot represents the merit surface as a function of coating
thermal conductivity (x Axis) vs volumetric heat capacity (y axis)

Figure 33:300 Micron Thick Coating, merit surface regression for the 4x4 speed load
points. Each individual sub plot represents the merit surface as a function of coating
thermal conductivity (x Axis) vs volumetric heat capacity (y axis)
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Figure 34: 400 Micron Thick Coating, merit surface regression for the 4x4 speed load
points. Each individual sub plot represents the merit surface as a function of coating
thermal conductivity (x Axis) vs volumetric heat capacity (y axis)

Figure 35: 500 Micron Thick Coating, merit surface regression for the 4x4 speed load
points. Each individual sub plot represents the merit surface as a function of coating
thermal conductivity (x Axis) vs volumetric heat capacity (y axis)
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There are several interesting effects that can be identified from the merit surface
analysis of coating property effects on heat transfer losses. Regardless of thickness, there
is a speed and load effect, wherein the coatings can reduce the total heat transfer losses
compared to a metal baseline case, more so at higher speeds. The effect of engine load is
more pronounced for coatings with worse thermophysical properties, i.e., the right hand
side of each subplot. Increasing engine load slightly increases the efficacy of the coating
to reduce heat transfer losses. As denoted in earlier sections, there is a difference in the
effect of lower volumetric heat capacity compared to thermal conductivity, and this is again
shown in the merit surface regression through the slope of the contour lines. The steeper
the slope the less sensitive the heat transfer losses are to the effects of volumetric heat
capacity. For example, for the 900 RPM, 100% load case (top LHS plot), for coatings
below a conductivity of 0.3, there is negligible effects of changing the volumetric heat
capacity, as the slope is nearly entirely vertical. Compared to a volumetric heat capacity of
1 MJ/m3K, where the coating % heat transfer reduction varies up to 15% from the lowest
conductivity to the highest. There is also an effect with coating thickness, that effectively
acts as a bulk shift, lowering heat transfer losses with increasing thickness, to a certain
degree, dependent on coating properties. Coatings with worse thermophysical properties
(top Right-hand side of each subplot) are slightly improved through increases in thickness,
wherein the performance for coatings with better thermophysical properties increases to a
greater degree with increasing thickness. As an example, when comparing the best and
worst coatings for the 1300 RPM, 50% load case, the best-case coating reduces heat
transfer losses by an additional 8.5% by increasing from 100 to 500 microns, while the
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worst case coating reduces heat transfer losses by an additional 4.1% through increased
thickness.
Table 1: Merit function value (coated piston heat transfer losses/metal heat transfer
losses) for two hypothetical coatings, best and worst coating properties for 1300 RPM
50% Load Case.
Best Case Coating
Worst Case Coating
100 Microns
82.9%
97.03%
200 Microns
79.59%
96.12%
300 Microns
77.32%
94.89%
400 Microns
76.12%
93.87%
500 Microns
74.51%
92.92%

3.3.1 Discussion on Coating Thickness
There is a clear trend with increasing coating thickness on the reduction of heat
transfer losses, that is tied strongly to the engine speed. For low engine speeds (900 RPM),
increasing coating thickness had little effect for poor thermophysical property coatings,
while better performing coatings did have incremental performance gains. The coating
showed increased performance gains as the engine speed increases. The model predicts
increased average surface temperature as coating thickness increases, this reduces the delta
between the gas and the wall and reduces heat transfer losses. The surface temperature for
a variety of thermal conductivity and coating thickness cases is shown in Figure 37. The
model predicts increases between 100-200 degrees Kelvin when the thickness is increased
from 100-500 microns, for the 1100 RPM 50% load case.
While the model does predict the higher average surface temperatures during gas
exchange, the model utilizes the open cycle Woschni heat transfer correlation, which
predicts low values of heat transfer coefficient during gas exchange. This means that the
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intake preheating affect that was a major detriment to the ‘adiabatic’ engine is not well
captured with the model, in this regard, the model predicts the heat transfer loss reduction
without the detriment to volumetric efficiency. In a more global context, there is an
additional penalty with thicker coatings in a failure context, increasing coating thickness
leads to larger stored strain energy during operating conditions, which is detrimental to
coating durability.
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Figure 36: Coating Temperature every 50 microns for a set volumetric heat capacity (ρ=4000
kg/m3, Cp = 580 kJ/kgK. Each row represents a different conductivity, labeled on the right, and
each column represents a different coating thickness, moving from 100 microns on the left, to 500
microns on the right. Each line represents the temperature within the coating every 50 microns
down from the surface. As the coating thickness increases, the bulk temperature shift to higher
average temperatures is seen.

3.3.2 Surface Regression Parameter Discussion
For the surface regression, each surface was independently fitted, and therefore has
individual parameters for a, b, c, and d. Figure 37 outlines the curve fit parameter
sensitivities to engine speed, load, and thickness. To gain better insight into the effects of
the engine operating conditions (speed and load) for different coatings, the regression
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variables can be analyzed to gain additional insights. The sensitivity of the surface is
nonlinear in terms of the coating properties, so understanding the sensitivity of the curve
fit parameters can provide additional insights to guide coating down selection.
Figure 37 shows the relative effect of each parameter (speed, load, thickness) on
the curve fit parameters, which can be viewed as the sensitivity of the surface to the
independent parameters, conductivity, and volumetric heat capacity.
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Figure 37: Curve fit parameters a, b, c, and d, as a function of engine speed, load, and
coating thickness. The top row is the curve fit parameter a, with the x axis representing
the engine load, and each line representing a different engine speed. Each column
represents a different coating thickness. The second -fourth row follows the same
structure as the top, representing the curve fit parameter b-d. the last row is the R2
value for the entire surface fit.
Figure 37 highlights several interesting trends that arise from engine speed, load,
and thickness for the two independent parameters, conductivity and volumetric heat
capacity. For conductivity, a increases with speed for any thickness, and it also increases
with engine load. This indicates that for any thickness coating, the relative effect of the
coating conductivity compared to volumetric heat capacity will be larger at higher speeds
and loads. The higher the value for a, the better performance a coating will have with a
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lower conductivity. There are two trends that are seen for all thicknesses for a and b. The
magnitude of a and b increase with RPM, and slightly increase with engine load. This can
be seen by the positive slope of a and b (heat transfer losses further reduced with increasing
load) and the separation or spread in the value of a for each RPM highlights the trend
wherein coating heat transfer loss reduction is increased with increasing RPM. For b, the
trends are similar to a, however there is no apparent bulk increase with thickness. The bulk
increase for a is representative of the right moving shift that is seen when moving from
Figure 31-35. There is no apparent vertical shift, which is confirmed by the lack of change
in b. The slope of b is increasing with thickness, indicating that volumetric heat capacity
for thicker coatings is more sensitive to engine load than conductivity, however the
magnitude of change is still dominated by conductivity. Additionally, the spread in values
for b increases, meaning there is increased sensitivity to engine speed as the coatings
become thicker, a trend not seen for conductivity. The relative weights of a and b can also
be compared, as they are both normalized to the same scale. A is larger than b for all cases,
and with increasing thickness, a grows to almost 3x that of b indicating that the merit
surface is far more sensitive to the value of thermal conductivity, compared to volumetric
heat capacity.
3.3.3 Comparison to Experimental Testing
Two coated pistons were tested on the same engine platform that was used to
generate the boundary conditions for the coupled thermodynamic and temperature solver
model. One piston was coated with 100 microns of Gadolinium Zirconate, and the other
with a low conductivity phosphate ceramic from the same family as the ceramics
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investigated in [84]. The latter is denoted as Generation 3 coating. The main objective in
the search for this coating was to engineer a coating with a low conductivity, but the table
highlights the additional reduction in the native volumetric heat capacity (ρcp) too. The
reductions in thermal conductivity between Gadolinium Zirconate and the Generation 3
coating are nearly 2-fold, while the volumetric heat capacity difference is approximately
30%. The thermophysical properties for these two coatings are given in table 2 below:
Table 2: Thermophysical properties of thermal barrier coatings investigated in Full 3D piston
Model

Material

Thermal Conductivity [W/mK]

Gadolinium Zirconate
Generation 3 TBC

0.702
0.312

Density
[kg/m3]
5850
2889

Specific Heat
[kJ/kgK]
430
615

The curve fit parameters identified in the previous section were integrated into a
lookup table as a function of engine speed, load, thickness, as well as thermal conductivity
and volumetric heat capacity. This approach allows for the evaluation of a specific coating
over the speed and loads the original model was curve fit for. The experimental results for
the heat transfer losses for the 1300 RPM load sweep is presented in Figure 38. The
experiments showed good agreement with the predicted values for gadolinium zirconate,
with a merit value ranging from 0.91 – 0.97, or a 3-9% reduction in heat transfer losses.
The predicted heat transfer loss reduction for the Gadolinium Zirconate and generation 3
TBC over the speed load map are shown in Figure 39. Several trends emerge, notably, the
lower thermal conductivity and volumetric heat capacity Gen 3 coating shows 3-5%
additional reduction in heat transfer losses compared to the Gadolinium Zirconate case.
Additionally, the Gen 3 coating has increased sensitivity to the engine speed and load, the
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difference in heat transfer reduction between low load low speed and high load high speed
was ~4.5% (90-94.5%), whereas the Gadolinium case was 2.5% (95-97.5%).

Figure 38: Heat Transfer Losses for the metal case and gadolinium zirconate case as a fraction of
fuel energy.
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Figure 39: Comparison of heat transfer reductions over the engine speed and load range predicted
for A) the Gadolinium Zirconate piston and B) the Generation 3 coated piston.
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3.3.4 Coated Piston Model Conclusions
The effects of engine speed, load, and thickness on the curve fit parameters
highlight the competing effects of each of the independent thermophysical properties on
the coating performance. There is a strong interplay between the operating condition,
thermophysical property values, thickness, and the ultimate performance of the coating,
and while trends exist for engine speed, load, and thickness effects on TBC performance,
the vast majority of coatings that are feasible and available to plasma spray today exist in
the top right-hand side of these plots. The merit surface identified that reducing
conductivity was the clear pathway to reducing the heat transfer losses, with most operating
points showing very little sensitivity to the volumetric heat capacity effect. In the search
for a next generation coating, attention should be paid to identifying coatings with very
low thermal conductivity, with volumetric heat capacity a secondary concern. For current
generation coatings (top right-hand side of merit surfaces) it is of interest to utilize the
merit function to identify if coating additional surface area in the cylinder can assist in
maximizing the performance of coatings with less-than-ideal thermophysical properties.
3.4 Improving the Coating Efficacy through additional Coated Area
The initial merit function only investigated the use of a hypothetical coating on the
crown of the piston, which for the given architecture used in this study was at a maximum
~50% of the combustion chamber surface area at top dead center. To increase the impact
of a TBC strategy, additional surfaces in the combustion chamber can be coated to further
reduce heat transfer losses. The logical next surface to be coated is the firedeck, with the
only other options being the cylinder liner or valve faces. Coating the valve face adds
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potential drawbacks, as the valve acceleration and deceleration, impact with the seat, and
reduced backside cooling create additional stress sources for the TBC. Coating the liner
adds potential challenges as well, assuming that only the liner area above the top ring at
top dead center is coated, there is potential for impact of the piston and coating when the
piston rocks during the change in direction. Furthermore, there are potential frictional
consequences if the liner coating fails and is lodged in the crevice region, scoring the liner
and increasing blowby. With these potential issues in mind, the firedeck appears the safest
option to coat after the piston. Figure 40 shows the instantaneous surface area of the piston
compared to the piston and firedeck. The measured surface area from the engine CAD was
used to be as realistic as possible. Important to note, the firedeck surface area does not
include the valve faces.
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Figure 40: Instantaneous surface area for the piston and piston + fire deck.
The merit surface was reevaluated for the same model using a thermal barrier
coating on the cylinder head fire deck surface and piston to investigate the effect of
additional surface area coated. The curve fit parameters are shown in Figure 41. Similar
trends arise, wherein a increases with thickness, while b maintains the same value as a
function of the lowest load, and only the slope increases with thickness. Again, this
indicates that there is a bulk performance increase across the board for conductivity as a
function of thickness, while a reduction in volumetric heat capacity will increase gains at

91

higher engine loads. Similar trends for the c and d curve fit parameters continue, with d
beginning as negative for the thinner coatings, then increasing with engine load and with
coating thickness. In the context of the merit function this means that poorer performing
coatings, i.e. higher volumetric heat capacity, will have slightly worse performance than
the metal piston at low thicknesses, but as these coatings become thicker, there will begin
to be a reduction in heat transfer.

Figure 41: Curve fit parameters for a coated cylinder head fire deck and piston.
Figures 31-35 were replicated for the coated piston + cylinder head cases, and rather
than plot the absolute gain for both coated surfaces together, as the trends are similar. The
incremental gain of the addition of the cylinder head was plotted. In this context, the color
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contour of plots 34-38 represent the additional heat transfer reduction by the coating the
cylinder head, not the cumulative heat transfer reduction of both the coated piston and head.
Again, the merit surface is calculated such that better performing coatings reduce the merit
value, so these plots are generated as heat transfer reduction as a fraction of fuel energy, so
if 10% of the total fuel energy is lost to heat transfer, a value of 0.9 in Figures 42-46
indicates 10% of the heat transfer losses were reduced, so 1% of the fuel energy is kept in
the cylinder. For plots 42-46, the incremental heat transfer reduction of the cylinder head
is calculated as Qcoated piston losses – Qcoated head + Piston, so a value of 0.1, for the example above
represents a total heat transfer reduction value of 0.8 for the coated piston + head, (0.9 –
0.1).

Figure 42: Merit surface reduction for the 100 micron coated cylinder head and piston
case. Each subplot represents the coating property sweep, with the y axis denoting the
volumetric heat capacity, and the x axis denoting the thermal conductivity. The 16x
engine speed and load points are represented by each subFigure, with speed increasing
with each horizontal plot, and load increasing with each vertical plot.
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Figure 43: Merit surface reduction for the 200 micron coated cylinder head and piston
case. Each subplot represents the coating property sweep, with the y axis denoting the
volumetric heat capacity, and the x axis denoting the thermal conductivity. The 16x
engine speed and load points are represented by each subFigure, with speed increasing
with each horizontal plot, and load increasing with each vertical plot.

Figure 44: Merit surface reduction for the 300 micron coated cylinder head and piston
case. Each subplot represents the coating property sweep, with the y axis denoting the
volumetric heat capacity, and the x axis denoting the thermal conductivity. The 16x
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engine speed and load points are represented by each subFigure, with speed increasing
with each horizontal plot, and load increasing with each vertical plot.

Figure 45: Merit surface reduction for the 400 micron coated cylinder head and piston
case. Each subplot represents the coating property sweep, with the y axis denoting the
volumetric heat capacity, and the x axis denoting the thermal conductivity. The 16x
engine speed and load points are represented by each subFigure, with speed increasing
with each horizontal plot, and load increasing with each vertical plot.

Figure 46: Merit surface reduction for the 500 micron coated cylinder head and piston
case. Each subplot represents the coating property sweep, with the y axis denoting the
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volumetric heat capacity, and the x axis denoting the thermal conductivity. The 16x
engine speed and load points are represented by each subFigure, with speed increasing
with each horizontal plot, and load increasing with each vertical plot.
Similar trends can be identified for the cylinder head incremental gains compared
to the piston only gains. The coating’s ability to reduce heat transfer increases with engine
speed, and to a much lesser extent to engine load. Increases in coating thickness reduce the
efficacy of lowering volumetric heat capacity on improving heat transfer reduction (steeper
isoline slope). One marked difference in the coated piston only to incremental coated
cylinder head is that there is a significantly reduced effect of increasing coating thickness
on reducing heat transfer losses. For a middle of the road coating (K=0.6 W/mK, ρcp = 2
MJ/m3K) at 900 RPM, 25% load, the merit function only reduced by 2% from 100 to 500
microns. For the coated piston only case, the delta was 8%. This is postulated to be an
effect of the reduced area of the cylinder head compared to the piston.
A coated piston + cylinder head combination were tested during the experimental
campaign that generated the relevant boundary conditions for this work. The Generation 3
coated piston and a Gadolinium Zirconate coated cylinder head were used together, both
with coating thicknesses on the order of 100-120 microns. The absolute thermal efficiency
gain is shown in Figure 47 over the speed and load range. This was presented in lieu of
heat transfer reduction, as the experimental post processing routine only evaluated the heat
transfer for the closed cycle, while the merit surface tool is used for the complete cycle.
The predictions made by the merit function for the coated components is shown in Figure
48. There is good agreement with the trends identified by the merit surface, with slight
differences at higher speed and load points, as well as the low speed and load conditions.
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Figure 47: Experimental absolute thermal efficiency gain for the A) coated Piston and B) coated
piston plus head compared to the metal baseline.

Figure 48: predicted heat transfer loss reduction for a coated Piston and Cylinder head for
comparison with the experimental data sets.
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3.5 Final Curve Fit
The curve fit parameters were implemented into a linear parameter varying lookup
table as a function of engine speed, load, and coating thickness. The merit function can
therefore now be evaluated as a function of the thermophysical properties of a proposed
TBC to identify the potential heat transfer reductions as a function of engine speed, load
and coating thickness. The parameters used in the merit function are thermal conductivity,
volumetric heat capacity, engine speed, engine load, and coating thickness. An example of
this methodology is shown in Figure 49 and 50, for the coated piston only and coated piston
+ head respectively. The 300 Micron coating thickness case is examined for brevity. For
these plots, each subplot represents a coating formulation of differing thermophysical
properties, the x and y axis of each plot is the engine speed and load respectively, and the
color contour represents the merit function value, or heat transfer reduction from the metal
baseline. For each coating, the heat transfer reduction effect is improved at higher speeds
and loads. To reiterate, the lower the value of the merit surface, the further heat transfer
losses are reduced.
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Figure 49: Hypothetical coating formulations heat transfer reduction as a function of engine speed
and load for a 300 micron thick thermal barrier coating applied to the piston only. Each subplot
represents a different coating formulation, with increasing thermal conductivity in each row, and
increasing volumetric heat capacity in each row. Each sub plot plots out the efficiency benefit over
the speed load range.

Figure 50: Hypothetical coating formulations heat transfer reduction as a function of engine speed
and load for a 300 micron thick thermal barrier coating applied to the Piston + Cylinder head.
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There is a clear indication that adding the coating to the cylinder head has a
beneficial impact on reducing heat transfer losses. For this 1D model the only physical
effect that the cylinder head has is from the additional coated surface area. On a relative
basis, coating the cylinder head reduces heat transfer losses by an additional 40-60%
depending on thermophysical properties and coating thickness, even though the gain in
surface area is not equivalent to an additional 40-60%. This is postulated to be an effect on
increasing the coated surface area when it counts, neat top dead center when heat flux and
heat transfer losses are the highest. This affect is highlighted in Figure 40, where at top
dead center the overall coated surface area is > 65% of the total surface area.
3.6 Lessons Learned
The analytical solution, initial merit surface and final merit function identified that
lower effusivity coatings derived from reductions in thermal conductivity provide the most
viable pathway to reducing heat transfer losses in an IC engine, compared to reductions in
density. For coatings with a thermal effusivity below 1000, reducing conductivity is the
desirable pathway to lowering the heat transfer losses. The model predicted that thicker
coating did provide additional heat transfer loss reductions, however the limitations of the
1D approach do not completely characterize the potential volumetric efficiency penalty
these coatings may cause. The thinner coatings, 100-200 microns were able to maintain
temperatures close to that of the metal surfaces during gas exchange, however thicker
coatings experienced an increase in average surface temperature, the main limiting factor
identified in the ‘adiabatic’ engine body of work. Figure 51 highlights the potential
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candidate materials from chapter one, recast to evaluate the coatings on a conductivity vs
coefficient of thermal expansion ratio.

Figure 51: Next Generation Coating down selection options, overview of insights derived from merit
function. Lower conductivity coatings are desirable, as the lower the conductivity, the better the
heat transfer reduction capability of the coating.

3.7 Summary
The analytical solution to a periodic transient heat flux imposed on a composite
media was analyzed and two terms of interest were identified: effusivity and diffusivity.
Effusivity physically represents a coatings ability to exchange heat with its surroundings,
a lower effusivity coating will achieve a higher dynamic surface temperature swing.
Diffusivity, (along with driving frequency) controls the effective thermal penetrative depth
of a coating, a larger diffusivity increases the penetrative depth at which transient
temperature fluctuations occur. The analytical solution showed that reducing the effusivity
and diffusivity of a coating provides the best pathway for increasing the temperature swing
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and the heat transfer reduction capability of a coating. As a reiteration, effusivity is the
square root of the product of thermal conductivity and volumetric heat capacity, while
diffusivity is the thermal conductivity divided by the volumetric heat capacity. Therefore
the only thermophysical property that simultaneously lower these both effusivity and
diffusivity is thermal conductivity. Decreasing thermal conductivity decreases the effective
penetration depth and lowers the interface temperature, while increasing the dynamic
surface temperature swing. In contrast, when the volumetric heat capacity is decreased, the
penetrative depth is increased, and therefore the thickness of the coating must increase to
ensure the penetrative length does not reach the interface between the ceramic and
substrate. If the penetrative depth is greater than the coating thickness, the average interface
temperature increases, and the ability of the coating to reduce heat transfer losses is
reduced. When the two pathways for improving coating performance (lower conductivity,
lower volumetric heat capacity) were compared with equivalent effusivities, a deviation
occurred below an effusivity of 1000. Below an effusivity of 1000, the lower conductivity
coating clearly performed better that the lower volumetric heat capacity coating, with an
increased temperature swing, as well as reduced cumulative heat transfer. The search for a
next generation TBC should target coatings with thermal effusivities below 1000, as the
improvements due to reductions in thermal conductivity become exponentially magnified.
The deviation between the two methods indicated that effusivity was an imperfect metric
for down selection of future coatings, as the independent properties (K, Rho*cp) clearly
effect the final heat transfer reduction differently. A large parametric sweep of coating
property effects (K, Rho Cp, Thickness) on the diesel cycle was conducted to identify a
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functional form of the thermophysical properties effect on heat transfer losses.
Experimental data from 16 speed and load points were used to generate realistic boundary
conditions for a 1D finite difference solver. The coating properties and thicknesses were
varied to develop a large data set of speed, load, conductivity, volumetric heat capacity,
and coating thickness effects on heat transfer. A multicomponent regression was performed
to identify the functional form of the property effects on heat transfer losses. A Merit
surface was fitted to the data with R2 >0.98 for all cases. When the merit surface inputs
were normalized, the merit surface regression variables were compared to understand the
sensitivity of the surface. The merit surface (heat transfer losses) was much more sensitive
to thermal conductivity than volumetric heat capacity (up to a factor of 3x). A coating’s
ability to reduce heat transfer is predicted to slightly improve with increases in engine load
and improves significantly more with increases in engine speed. The addition of coating
the cylinder head saw significant improvements in heat transfer reduction (40-60%
relative), more so that the relative increase in coated surface area. This is postulated to be
an effect of the increased surface area during the critical times of peak heat flux (near and
after Top Dead Center). The sensitivity of the merit surface highlights that decreasing the
thermal conductivity is a more efficient pathway to reducing heat transfer losses.
The findings indicate that next generation coatings should target natively low
thermal conductivity materials. Additionally, coating the cylinder head is an additional
pathway to tangible increases in heat transfer reduction. Experimental campaigns
demonstrated that traditional coatings (Gadolinium Zirconate) provided small efficiency
gains, while low thermal conductivity coatings were able to reduce heat transfer losses to
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a greater extent. As discussed in Chapter 1, the difficulty with mixing Controlled
combustion is the very high gas temperatures, so coatings must be able to provide
significant temperature swings to be able to reduce the temperature delta between the gas
and the wall for appreciable reductions in heat transfer. Low thermal conductivity coatings
were identified as the best pathway to achieve this goal. But realizing the full potential
requires application of the coating to as much of the combustion chamber as possible, i.e.
coating the piston and the cylinder head. Penetration depth trends deserve attention as well.
Achieving low effusivity coatings with low conductivity reduces the penetration depth of
the coating as well, while reduced density provides the opposite effect. Therefore the
benefits of pursuing a low conductivity coating as a method to achieving low effusivity are
reinforced.
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CHAPTER 4:
CO-SIMULATION DEVELOPMENT: ADDITION OF SPATIAL FIDELITY
4.1 Development of Co-Simulation Framework, coupling CFD and FEA
In order to investigate the impact of TBCs on combustion several studies have
developed cycle simulations that link CFD model with some form of FEA, finite difference
heat equation solver, or lumped capacitance model to capture the effect of surface
temperature changes on the TBC, and the subsequent effect of the surface temperature on
combustion and cycle efficiency. Kundu et al. [85] modeled a heavy-duty diesel engine
using the CONVERGE™ Conjugate heat transfer model. Their approach averaged the
calculated heat transfer boundary conditions temporally and calculated the steady state
surface temperature for a metal or TBC coated piston. This methodology does not allow
for the calculation of the transient temperature swing effect, rather only the thermal
resistance effect on the steady state surface temperature is simulated. This study found that
increasing the head and bowl temperature led to higher thermal efficiency, while increasing
the liner temperature decreased thermal efficiency. A parametric study found that >53% of
heat transfer losses can be recovered with a 0.2 mm or 0.7 mm coating. Baldissera et al.
[85] used steady state convective boundary conditions to predict the temperature field of
the piston and thermal barrier coating to understand the stresses developed in the piston.
Taibani et al. [87] used a 0D GT Power model to generate 1D boundary conditions for 1D
heat conduction solver, and this surface temperature prediction was then fed back into GT
Power™ to predict the reduction in heat transfer. Taibani et al. [87] found that a
hypothetical coating that had 1/9 of the conductivity and volumetric heat capacity of YSZ
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could reduce heat transfer losses by ~45%. Killingsworth [88] employed the lumped
capacitance method available in CONVERGE™ CFD to estimate the effect of a thermal
barrier coating on Homogeneous Charge Compression Ignition with a YSZ coating, noting
that this method ignores the effect of volumetric heat storage (ρ*Cp) . Yin et al utilized the
thin film model available in the commercial AVL FIRE CFD program to predict the 1D
spatial and temporal temperature field for a Zirconia, SIRPA and YSZ coating [89]. AVL
FIRE utilizes a 1D surface temperature solver to unlink the solid body heat transfer and
CFD processes, and therefore does not truly account for spatial variation. All of these
methods employed either a spatial or temporal averaging process to either reduce
computational load (spatial/temporal averaging for CFD) or because the development of
the boundary conditions (BCs) did not have the fidelity to generate reasonable BCs (spatial
averaging in GT Power). This is a major deficiency in the case studies focused on TBC
design for a HD diesel engine. Excessive spatial variations of the gas temperature and heat
flux necessitate the development of a new tool capable of full spatial and temporal
resolution. This will be critical for analysis of the interplay between the coating properties
and the temperature swing, as well as cycle heat losses and efficiency. This will also
provide a pathway for subsequent detail studies of the failure modes of these coatings from
the high spatial and temporal inhomogeneity of boundary conditions, and ultimately lead
to insights on increasing coating durability and reliability. The impetus is provided by the
need for a systematic study linking the key thermophysical properties of the coating with
the temperature swing behavior, thus ultimately supporting the down selection of the
material and optimization of the coating thickness and/or morphology. A variety of
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previous studies is provided in Table 3 to give a range of thermophysical properties and
peak temperatures for simulations regarding diesel engine pistons.
Table 3: Literature Review for TBC Simulations

Author

Model

Buyukkaya,
2007 [90]
Baldissera
2018 [86]
Kundu
[85]

Steady
State
Steady
State
Steady
State
Steady
State
Transient
(1D)

Saad [91]
Hejwowski
[92]

Coating

Thickness

Thermal
Conductivity

Thermal
Effusivity

Peak
Temperature

MgZrO3

350 μm

0.8

1706

758 K

8% YSZ

400 μm

1.95

2514

583 K

~0.1 – 0.7

-

800 K

0.33

-

1010 K

1

1871

775 K

Not
200-700
Disclosed μm
Hi-temp
125 μm
Polymer
8% YSZ

150 μm

The work presented here is to develop a methodology for predicting spatially and
temporally resolved boundary conditions at the coating surface and use it to guide coating
development, and subsequently investigate the impact of a thermal barrier coating on a
high load, high efficiency mixing controlled combustion diesel engine. Therefore, the
approach proposes coupling fully resolved spatial and temporal (crank angle) boundary
conditions between a gas side solver (CFD) and solid body heat transfer solver (FEA).
Through the co-simulation approach the heat transfer and combustion/gas modeling can be
pursued in sequence, allowing for high fidelity predictions without a limiting time step
imposed by one model on the other. The co-simulation approach was used to estimate the
peak surface temperature of the high performance thermal barrier coating (up to 1200K),
the heat transfer reduction (~9%), and the effect of the TBC on combustion and efficiency.
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For this work a Gadolinium Zirconate (GdZr) thermal barrier coating was selected to
illustrate the methodology.
4.2 Methods- Development of the Framework for Coupling the CFD in cylinder
Simulation and FEA of the Solid Combustion Chamber Components with or
without the TBC Layer
The goal of this study is to develop a framework that can characterize the spatial
and temporal heat transfer impacts of a coated component in a combustion chamber and
develop deeper insights into the extreme localized conditions in a modern diesel engine,
which drive the down selection of potential coatings. In other words, while maximizing the
amplitude of the temperature swing is the stated goal the peak local temperature may
exceed the phase stability or melting limit for a given material and that has to be considered
in the coating development process. For this work, the coated component is the piston
crown derived from a state of the art 13 L production Heavy Duty diesel engine. An
iterative co-simulation approach was developed which couples a CONVERGE™ CFD
model of the engine cylinder with an ABAQUS FEA model of the metal piston and TBC
to examine the effects of coating properties on the temperature swing behavior and quantify
the impact on combustion heat loss and thermal efficiency.
The CFD and FEA models are indirectly coupled, i.e. run independently in an
iterative approach. Spatiotemporally resolved thermal boundary conditions at the gas-solid
interface of the coated surface are passed between the two models. The CFD model
provides near-wall gas temperatures and heat transfer coefficient, and the FEA model
provides spatially and temporally resolved surface temperature of the coated piston crown.
This methodology was employed to eliminate the effect of time-scale differentials between
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the CFD and FEA solvers while providing high-fidelity prediction required for analysis of
the TBCs applied to the engine with a highly heterogenous charge during combustion.
The initial run of the CFD model assumes a constant, uniform piston surface
temperature. Multiple engine cycles are simulated to ensure steady-state operation is
achieved. Near-wall gas temperature and gas-side heat transfer coefficient across the piston
crown are output from the CFD model at each crank angle during the final engine cycle in
the initial CFD run. These boundary conditions are subsequently processed and passed
along to the FEA model as convective flux boundary conditions on the piston. The FEA
model solves for the temperature field throughout the solid piston and coating over a full
engine cycle. The spatially and temporally varying surface temperature field predicted by
the FEA model for the full engine cycle are subsequently processed and provided as input
to the CFD model for another iteration. Iterations continue until the results reach quasisteady state. Two iterations were typically required to achieve convergence. At each step,
the sub models were each run to convergence. In other words, the FEA model ran multiple
cycles using the same boundary conditions but with the initial model temperature being
updated from each previous run. Convergence to steady state was identified when the
averaged surface temperature change between the start and end of cycle was less than 1%.
Again, this also produces accurate predictions of spatial variations and captures the local
extremes, which are critical for coating selection and durability.
To generate relevant comparisons between the baseline metal engine configuration
and the thermal barrier coated piston, two FEA piston models were developed: one for the
bare metal piston, and another with a 100 μm thick thermal barrier coating applied atop the
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crown. The CFD model uses the same piston geometry for both cases, to maintain the
same compression ratio. The two models are used such that a fair comparison can be drawn
between the metal and TBC coated engine configurations, ensuring the same level of
spatial and temporal fidelity for baseline metal and TBC cases. For the comparison cases,
the validated steady state temperature field was used to initialize the model. The FEA
model time step was 1 crank angle, therefore the CONVERGE™ boundary conditions are
the temporal average over 1 crank angle degree.
4.2.1. Modeling Methodology Creating an Interface to Couple CFD and FEA simulations
for ICE TBC Research
The CFD model of one cylinder of the Detroit® Diesel DD13® engine was created
using the commercial CFD software tool CONVERGE™ (v2.4) [93]. Model geometry
was developed from CAD models of (relevant) production engine parts provided by Detroit
Diesel in support of this study. Additional model inputs provided by Detroit Diesel include
valve lift profiles and injector nozzle geometry. For model validation, Detroit Diesel
provided baseline steady-state experimental data from a dyno-mounted engine over the full
speed-load operating map including crank-angle-resolved pressure measurements from the
cylinder and the intake and exhaust manifolds, intake and exhaust temperatures, air flow
rate, and fuel injection data such as timing, rate, etc.
CONVERGE uses a cut-cell approach for real-time mesh generation. A moderately
detailed mesh resolution strategy was used with a base grid of 2 mm. Refined embedding
to 0.5 mm was applied at the valve seats to resolve high-speed flows during valve opening
and closing. Adaptive mesh refinement to 0.5 mm was applied in areas with velocity sub-
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grid gradients exceeding 5 m/s. Meshing of the injector sprays was refined to 1 mm.
Further refinement of the reaction zone was achieved with adaptive mesh refinement to 0.5
mm in areas with sub-grid temperature gradients exceeding 10 K and/or OH¯ concentration
gradients exceeding 1e-6. Finally, additional fixed embedding to 1 mm was applied at the
piston crown to better resolve near-wall conditions. This approach resulted in a maximum
count of approximately 2 million cells during the engine cycle simulation.
Typical modeling approaches for mixing-controlled, compression ignition engine
operation available in CONVERGE were used to simulate engine processes and behavior.
Turbulence interactions were modeled with the k-ε Reynolds-Averaged Navier-Stokes
(RANS) model. Fuel spray into the engine cylinder was modeled with a Lagrangian parcel
approach with a single-component liquid surrogate of n-heptane used to represent Diesel
fuel. Fuel distribution immediately leaving the injector was treated using the “blob”
approach [94] with down-stream breakup modeled using the Kelvin-Helmoltz and
Rayleigh-Taylor (KH-RT) submodels [95]. The dynamic droplet drag model and No Time
Counter (NTC) droplet collision model were also used[95]. Spray-wall interactions were
simulated with the O’Rourke wall-film model [96] . Evaporation of the liquid fuel parcels
into n-heptane vapor was simulated with the Frossling evaporation model without boiling
[97]. Combustion was simulated by solving chemical kinetics within the CFD cells using
a well-stirred reactor model [98] with a multi-zone approach [99] and a moderately detailed
n-heptane kinetic mechanism with 144 species and 900 reactions.
CFD Model validation was performed at 15 speed-load operating points across the
full operating range of the engine including the target road-load cruise point (1100 rpm,
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50% load) and the peak torque point used in this study (1000 rpm, 100% load).
Comparisons were made between model predictions and steady-state engine dynamometer
data provided by Detroit Diesel including cylinder conditions at intake valve closing,
cylinder pressure and heat release rate traces, and overall performance metrics such as
indicated mean effective pressure (IMEP) and combustion rate profiles. Figure 52 provides
a comparison of net IMEP showing overall excellent agreement at the 15 speed-load points.

Figure 52: Comparison of CFD model predictions and experimental measurements of net
Indicated Mean Effective pressure to show model validation across a wide speed and
load range.
The transfer of the temporal and spatial boundary condition data between the two
models was accomplished through specially developed MATLAB® and Python scripts.
Crank-angle-resolved heat transfer data (including gas-side heat transfer coefficient and
near-wall temperature) at each mesh node on the piston surface was output from
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CONVERGE™. A MATLAB® script was used to separate this data into individual data
files for each crank angle composed of a 4-column nodal file with X, Y, Z co-ordinates and
the variable value that could be imported to ABAQUS. A Python script was run within
ABAQUS that programmatically generate a new time step, impose an interpolated
convective flux boundary condition field (HTC and Tgas) from the text files, and then
remove the previous time step flux boundary condition. After completing the simulation,
the ABAQUS FEA model provided temporal and spatially resolved piston surface
temperatures as output, as well as the temperature field within the piston crown. A final
MATLAB script was used to convert the native ABAQUS output into a text file that was
directly imported into CONVERGE for the next iteration.
As mentioned above, the CFD model uses a 1 mm gas-side grid at the piston surface
with adaptive mesh refinement to 0.5 mm in regions with high sub-grid gradients in
velocity, temperature, and OH¯ concentration. This produces a variable set of output node
locations throughout the engine cycle as shown in Figure 53. The FEA model uses a static
grid with a higher nodal density to accurately capture the dynamic surface temperature
profile of the thermal barrier coating. The mapping process outlined above allows for
interpolation between the two meshes. Grid-convergence studies were performed to
optimize the grid resolution of both models. A mesh density of 70,000 nodes in the FEA
model was found to be sufficient to provide accurate interpolation of boundary conditions
from the CFD data. The same FEA mesh was used for the metal and TBC case, wherein a
shell element layer was imposed on the crown of the piston, with assumed perfect heat
conduction at the interface.
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Figure 53: Adaptive Mesh Refinement impacts on mesh density as shown for lowest vs
highest mesh density.
The FEA model was developed in ABAQUS 6.14 using the same CAD Model of
the 13 L engine piston. The meshing routine used a mesh bias, wherein element sizes were
at a minimum on the piston crown, and subsequently increased in size away from the crown
surface. After a mesh sensitivity study, the final base metal piston model had 100,000+
DC3D4 4-node linear heat transfer tetrahedron elements on the order of 2 mm on the
surface, and up to 10 mm for the piston skirt. For the TBC model, 16,965 DS3/DS4 offset
shell elements were added to the piston crown, with an assumed perfect heat conduction
constraint between the piston crown surface and underside of the TBC. The TBC shell
elements were on the order of 1 mm. The shell elements were solved using Simpson’s
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integration routine during the analysis with 19 integration points for each element within
the TBC shell.
The baseline FEA model was validated for the metal piston using steady-state
experimental measurements of piston temperature with a temp-plug instrumented piston at
1000 RPM full load, provided by the piston manufacturer, Mahle. The temp-plug
measurements indicated the maximum temperatures observed during operation, and the
locations and measured temperatures of the temp-plugs were used for initial validation of
boundary conditions for the FEA simulation, shown in table 4.

Table 4: Templug experimental data compared with FEA surface temperature at similar locations.

Location
Bowl Lip
Oil Gallery/
region

Squish

Templug
Measurement
688 ± 27.5 K

15 point radial average = 672 K

605 ± 24.2 K

15 point radial average = 585 K

FEA Solution (Metal Piston)

Templug screws were installed in a modified piston that shared the same geometry
as the simulated pistons. Templug measurements are used to identify maximum service
temperature, as such the engine was run at rated full load for 1 hour to correctly time cycle
the plug. The Templug measurements are shown with their associated error in table 4, and
their respective values are compared to the metal time averaged temperature solution from
the FEA model. The exact location of the templug relative to the injector holes to identify
if the templug was underneath an impinging flame jet was not provided, and as such a
radial average of the FEA temperature field along a reference circle with the same radius
the templug location was taken for the comparison.
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For the validation case the gas side boundary conditions for the piston crown were
taken as the spatially resolved but temporally averaged heat flux from the CFD model
outputs for the same speed/load case. The initial validation boundary conditions for
backside (non-piston crown) convective heat flux was identified from literature [100, 101]
,then tuned such that the simulated steady state case comes close to the experimentally
measured temperatures. The final values and locations for these back-side conditions are
shown in table 5, and in Figure 54, respectively.

Table 5: Steady state convective heat flux boundary conditions imposed on piston

Crown
Oil Gallery
Top Land
Ring 1
Second Land
Ring 2
Skirt
Inner bowl

Heat Transfer Coefficient [W/m2K]

Gas Side Temperature [K]

Spatially Mapped
1800
50
500
100
100
100
500

373
976
406
406
406
406
373
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Figure 54: Locations of Steady State boundary conditions, initial values were taken from
Gonera et al. [100] then modified to match experimental temperature plug
measurement data.

4.2.3 Details of Comparison Cases
Once validated for the metal piston, the modeling approach was applied to compare
engine performance at 1000 rpm and full load using the stock metal piston and a stock
piston with a 100-μm coating of Gadolinium Zirconate (GdZr). Material properties for the
metal and GdZr coating are shown in Table 6.
To isolate the impact of the GdZr coating on overall engine performance, model
parameters were kept the same for the two cases. In the CFD model, the same compression
ratio, fuel injection timing and quantity, port pressure boundary conditions, and thermal
boundary conditions (on all surfaces other than the piston) were used for the metal and
coated piston cases. Back-side thermal boundary conditions and grid resolution were kept
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the same in the validated FEA model. Only the thermal boundary conditions on the piston
crown in both models changed between the two cases.

Table 6: Material Properties for FEA Model

Material

Conductivity
[W/m-K]

Metal
45.0
(@200C)
GdZr
0.702
(@100C)

Density
[kg/m3]

Heat
Capacity
[J/kg-K]

Diffusivity
[mm2/s]

Effusivity

7112

511

12.38

12788.3

5850

430

0.2907

1372.3

4.3. Results and Case Study
The following sections present the FEA and CFD simulation results after
convergence. First, the temperature fields for the metal and TBC cases are compared to
highlight the magnitude of temperature swing exhibited by a Gadolinium Zirconate (GdZr)
coating. Second, the TBC effects on combustion are analyzed from the CFD results,
showing the instantaneous energy breakdown. Finally, a case study is carried out where
the boundary conditions are used to estimate the required temperature swing to meet a
certain heat flux reduction.
4.3.1. FEA Temperature Field Solutions
The additional fidelity gained by coupling CFD spatially and temporally varying
boundary conditions shows the effect of the characteristic inhomogeneity of mixing
controlled combustion. Clearly, previous 0D and 1D modeling of thermal barrier coatings
in a diesel environment fall short of holistically capturing the heat transfer as they do not
account for the significant (one might say extreme) spatial effects of impinging flame jets
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affecting the local heat transfer, nor do they account for the peak local surface temperatures
and relative changes in heat rejection depending on the proximity to the impinging jet.
Figure 55 shows several time stamped surface boundary conditions and temperature
profiles for the metal piston (Column 3) and coated piston (column 4). The effects of the
impinging flame are captured in both simulations, however with the low thermal
conductivity low volumetric heat capacity thermal barrier coating, the surface temperature
profile demonstrates a significantly magnified dynamic surface temperature swing,
reaching a maximum intracycle amplitude of ~600K.
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Figure 55: Boundary conditions and surface temperature profiles for the GdZr and metal
piston full load 1000 RPM case. Column one represents the fluid cell temperature
closest the piston surface, column two represents the heat transfer coefficient imposed
at the wall nodes, column three is the metal surface temperature, and column 4 is the
coating surface temperature.
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For the full load case depicted in Figure 55, the CFD predicts that peak heat fluxes
at certain locations can approach 40 MW/m2 during peak combustion impingement on the
piston. These values dramatically exceed the typical estimated range for a 1D correlation
(by an order of magnitude), such as Hohenberg [56] or Woschni [55], which are averaged
over the entire combustion chamber surface area. However, experimental results by Binder
et al. [102] using phosphor thermometry demonstrated that the location under impinging
burning jets can indeed experience heat flux exceeding 60 MW/m2. The extreme magnitude
of the local heat fluxes on the surface of the low thermal conductivity, low heat capacity
coating led to peak surface temperatures exceeding 1100 K. The amplitude of the intracycle
temperature swing exceeded 600K. Interestingly, at the same crank angle of peak surface
temperature, other locations on the surface of the coated piston, such as the surface between
the two adjacent sprays or the periphery, are relatively unaffected by combustion, only
seeing a ~20-60 K rise in surface temperature. This high spatial variation is seen for the
metal piston too, although the peak magnitude change is significantly reduced.
Several nodal surface temperatures are shown in Figure 56. The left-hand side plot
shows various nodal surface temperatures for the Gadolinium zirconate case, along the
horizontal major impingement axis, while the right hand side is nodal temperatures
between the plumes, highlighting the significant reduction in temperature swing for
different nodal locations on the surface of the piston.
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Figure 56: Surface temperatures as a function of time for nodal locations along A) horizontal
impingement axis, and B) between impingement plumes.

Closer investigation of the metal and Gadolinium Zirconate surface temperature
profiles in Figure 55 shows four impinging flame jets at the 12, 3, 6, and 9 o’clock positions
with somewhat larger surface area at a higher temperature. This is postulated to be an effect
of the valve positions, which are centrally located above the 1:30, 4:30, 7:30 and 10:30
o’clock positions. These valves are slightly recessed into the cylinder head, meaning there
is a larger volume of space for the diffusion flame to move through, and as such, the flame
is not as restricted and forced to impinge on the surface of the piston as early in the
combustion process, or for as long. Visualizations of the CFD results show the differences
in shape for the spray plumes and flame fronts which pass under the valves and expand
upwards into the valve pocket volume and away from the piston.
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4.4 TBC Engine Cycle Impacts Predicted with CFD
The cylinder pressure delta, shown in Figure 57, between the TBC and metal cases
is near zero during gas exchange and compression. However after the onset of combustion
the TBC case has a slightly higher in-cylinder pressure than metal, with a peak delta
occurring at the end of combustion. The cylinder pressure consistency in the gas exchange
portion of the cycle indicates that the TBC has no negative effects on the volumetric
efficiency, furthermore the trapped mass differential between the two cases was <0.5%.
The bulk gas temperature showed a similar trend, wherein after the onset of combustion,
the bulk gas temperature is higher for the TBC case than the metal, on the order of 10 K.
These results indicate that the TBC is not affecting the intake charge density through
preheating, and the TBC is capable of targeted effects on the late compression/early
expansion portion of the cycle through the coating swing phenomenon.
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Figure 57: Cylinder pressure delta from the full load metal and TBC cases. The positive
nature after combustion indicates that the coated piston simulation had a higher incylinder pressure from ~10 degrees after top dead center to well after 80 degrees after
top
On an instantaneous basis, shown in Figure 58, the deviation between the heat
transfer loss prediction for two cases show similar phasing as the cylinder pressure
deviation. The reduction in heat transfer occurs between the onset of combustion through
until approximately 45°ATDC. The majority of heat transfer reduction from the TBC case
is from the piston; however, a small fraction of the heat transfer reduction was from the
liner too, while the cylinder head experienced increased heat transfer losses for the TBC
case. This is not a surprise, since the overall reduction of the heat loss leads to increased
gas temperatures and therefore elevates convective heat loss through the metal surface of
the cylinder head. This is an important observation that should be considered when
planning the overall approach of coating application to the combustion chamber walls.
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Cumulatively the heat transfer reduction for the entire cylinder is ~10% of the baseline
metal case.

Figure 58:Instantaneous cumulative heat transfer losses; combined (Piston + Head +
Liner) and component wise heat transfer losses.
Looking further at the closed cycle energy balance terms in Figure 59, again the
TBC case does not show any significant impact from IVC through compression, as
expected. For the TBC case after 0 dATDC, there is a near immediate and symmetric
divergence between the increased delta in exhaust enthalpy (internal energy during closed
portion) and decreased heat transfer delta. The work term increases more gradually, and at
the end of combustion (~20 dATDC) the internal energy and heat transfer losses begin to
stagnate, while the work delta increases. During late combustion/expansion there is a nonnegligible increase in heat transfer to the cylinder head that is postulated to be an effect of
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the slightly increased gas temperatures within the combustion chamber. The delta for
Figure 59 is the reverse of Figure 58, such that work and exhaust enthalpy are positive. By
the end of the cycle the decrease in heat transfer losses has increased the exhaust enthalpy
and work roughly evenly for the TBC case, i.e. about half the reduced heat loss effectively
translates into useful work.

Figure 59: Closed cycle First law analysis comparison for the TBC and metal cases,
positive indicating that the metal case had higher values than the coated case.

4.5 Discussion and Case Study
As shown in previous sections, the framework developed in this study generates
high fidelity spatially resolved surface temperature predictions for thermal barrier coatings
in a MCC engine. For mixing controlled combustion modes, i.e. diesel engines, this is
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critical for understanding the highly heterogenous heat transfer at the surface. The main
benefits of this methodology are the uncoupling of the solvers, allowing each to optimize
the mesh density and time stepping routine, as well as the added capability to analyze the
spatial and temporal temperature field and heat flux within the coating in detail. The
methodology can be extended into investigations of future TBC materials, exploring the
TBC design space and optimizing thermophysical properties as well as coating thickness
to achieving desired heat transfer reductions.
The tool adds capabilities to generate insights about the effect of a specific thermal
barrier coating, as well as to perform an inverse calculation and predict the necessary
surface temperature swings to reach a target reduction in heat transfer losses and increased
cycle work. As an example, the inverse processing was carried out with the newly
developed tool to infer the required temperature swing for a 20% reduction in heat flux.
This ultimately allows for the reverse calculation of the material properties necessary to
drive a desired reduction in heat transfer. The case study is illustrated in Figure 60 which
shows an estimated surface temperature requirement (deviation from 500K) at 10 dATDC
firing. The calculation was performed assuming that a reduction to 80% of the heat transfer
losses is needed for ~1% improvement in indicated work. Note, at this speed and load point,
heat transfer losses for the baseline case were ~10% of fuel energy input, assuming the
same 50/50 transfer of energy to exhaust vs indicated work, 20% reduction was targeted.
At each crank angle equation 10 was solved, wherein Q represents the baseline heat flux
multiplied by the reduction factor to identify the necessary temperature swing. This method
is quasi steady state, as the energy transfer is not integrated over time (giving cycle total
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heat transfer losses), rather it is the required temperature at an ‘independent’ snapshot in
time.

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔 − (0.8) ∗ 𝑄𝑄/𝐻𝐻𝐻𝐻𝐻𝐻

(10)

Figure 60 shows that for the CFD predicted boundary conditions, the surface
temperature of the TBC needs to exceed 900K in some locations to reduce heat flux by
20%. Figure 60 A shows the temporal requirement of the surface temperature swing for
every node, while Figure 60 B shows the required surface temperature at 10 degrees after
top dead center.
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Figure 60: Required temperature swing (from 500K) to achieve a 20% reduction in heat
flux for A) the entire cycle at every nodal location and B) each nodal location, at crank
angle 10 dATDC.
As shown in section 3.1, a novel coating formulation can be engineered with the
outlined framework by comparing predicted behavior of the novel coating to traditional
coatings and ascertaining the impact on cycle efficiency. The fidelity of the coupled CFD
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FEA framework enables subsequent in-depth investigations of the interplay between
thermal properties, such as conductivity and volumetric heat capacity, and coating
thickness required to achieve the efficiency improvement goal.
4.6 Cumulative Energy Transferred Analysis
The co-simulation framework is also useful for developing understanding of the
spatial effects of MC combustion heat transfer and identifying the location in the piston
that experience the most heat transferred. The heat flux on the piston was integrated
through time for each node to develop a spatial map of the area normalized heat transferred,
in J/m^2, this is the same parameter used in the original merit function analysis. Figure 61
shows the time integrated heat flux for the metal piston and Gadolinium Zirconate coated
piston. It comes with no surprise that the area of maximum heat transfer are the locations
underneath the impinging jets, and that the spatial variation is large, up to 6x difference in
cumulative heat transferred. Comparing the two cases metal vs GdZr, there is significant
deviation in the total energy transferred underneath the impinging hot jets, on the order of
20,000 to 30,000 j/m2 at the maximum heat flux locations. Furthermore, the Gadolinium
Zirconate case appears to have a wider ‘affected area’ of heat flux across the surface of the
coating. This affected area, is defined as the area upon which the impinging jet increases
the heat flux above the unaffected (cool) ambient zones. The coating appears to
qualitatively smear or diffuse the heat flux parallel to the surface, spreading the energy
across a greater surface area.
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Figure 61: Integrated heat flux for the baseline metal piston and the GdZr coated piston.
Figure 61 can also be recast to plot the difference between the metal and GdZr cases
to understand where the coating is affecting heat transfer losses, which is shown in Figure
62. The difference between the integrated energy again shows that the heat flux at locations
under the impinging jet is reduced with the coating, but also that the heat flux around the
periphery of the jet increases for the coated case! A negative value in Figure 62 indicates
that the coated case absorbed more energy than the metal case at that cooler location, so
the coating is indeed diffusing the heat flux away from the flame jet and increasing the
local heat transfer at the periphery. Even with this localized increase at the periphery the
Gadolinium Zirconate case still maintains a reduction in overall heat transfer losses, as
shown in Figure 62, by approximately 120 Joules. The scale of Figure 62 deserves attention
as well, in the locations of maximum surface temperature swing, the coating is able to
reduce nearly 25% of the total heat transfer, a 40,000 J/m2 reduction from the ~120,000
J/m2 of the metal piston case. The coating is celery effective at reducing the localized heat
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transfer losses, however on a global scale, this effect is only in very localized areas, much
of the piston remains unaffected by the application of the coating.

Figure 62: Delta in integrated heat flux (metal – GdZr), or total Joules per m^2
transferred during one cycle.
Additionally, Figure 62 indicates that for the majority of the piston surface area,
the coating does not play a significant role in heat transfer reduction, especially in the
squish and center of the toroidal bowl. To investigate this affect further, the integrated
energy surfaces were separated out into percent of total integrated energy as shown in
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Figure 63. Each column in Figure 63 represents an additional 20% of the total heat flux for
each coating, i.e. the first row is the spatial locations where 20% of heat is transferred, the
second row is 40%, etc. The color scale is set as the same for all plots, however the 20%
of cumulative energy is per each respective piston, metal or Gadolinium Zirconate. For
example, for the 80% heat transfer case, the metal (LHS) plot shows the surface area in
which 80% of all of the energy was transferred through. The maximum local integrated
heat flux or the metal case was approximately 80,000 J/m2 while for the Gadolinium
Zirconate case, the maximum integrated energy for the area in which 80% of the heat
transfer transferred through was ~65,000 J/m2.
The same trends identified in Figures 61 and 62 are present here too. The coating
provides localized reduction in energy transferred under impinging jets, with some
peripheral effects from the coating. However, the greatest takeaway is the limited effect of
the thermal barrier coating on the unaffected zone’s cumulative heat transfer. Figure 63
shows that these areas absorb on the order 40-60% of the total amount of heat transfer, with
very little difference between the metal and coated cases. This helps to explain the
difficulties in realizing efficiency improvements in the HD diesel engine comparable to
what was achieved already in LTC combustion modes [8].
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Figure 63: Localized Integrated energy as a function of cumulative energy. Each row
represents the total area wherein 20, 40, 60, 80 and 100% of the cumulative energy was
transferred.
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Figure 64 recasts the spatial cumulative energy transferred into a cumulative
distribution function. In this frame of reference, the x axis represents the local energy
transferred, akin to the color scale of Figure 63. The Y axis represents the total amount of
energy transferred to the piston from the gas over one complete cycle. The differentiation
between the affected and unaffected zones occurs at approximately 60 J/m2. When viewed
as a distribution, it becomes clear that > 60% of the total energy transferred to the piston is
from the unaffected zones, or low heat flux regions (squish, bowl center, cumulative energy
<60 kJ/m2). The Gadolinium Zirconate coating was able to reduce the peak heat flux
regions (upper right of both a and b in Figure 64) however the coating had little effect on
the unaffected areas. This indicates that the efficacy of this traditional style of coating is
limited to the areas of highest heat flux, underneath the impinging jets. Again, this is the
challenge when pursuing a coating design for a tangible cycle efficiency increase. It is
important to note that the coated piston reduced heat transfer losses by ~20%, for the piston,
while the reduction of global heat transfer losses is ~10%.

135

Figure 64: Local vs cumulative heat transfer cumulative distribution.

4.7 Insights and Future Work:
The normalized cumulative energy transferred indicated that the coating was
locally affecting the high heat flux regions underneath impinging spray plumes, however
there was little to no effect elsewhere on the surface. Interestingly, approximately 60% the
total energy transferred occurs in the unaffected zones of the piston, and 40% in the high
heat flux regions. The coating affects the high heat flux regions, but not the unaffected
zone. To this end, an idealized coating would aim to reduce the heat flux everywhere, not
just under impinging jets. To accomplish this, the coating would need to increase the
temperature of the surface dynamically in areas that are not underneath the spray plumes.
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Assuming that the combustion process cannot be changed to alter the heat flux, a strategy
to reduce the temperature delta for the entire piston would require a coating that could
rapidly conduct heat away from the spray plume parallel to the surface, but not through the
coating, i.e. the coating would need anisotropic thermophysical properties. An ideal
candidate would have high in plane parallel conductivity and low volumetric heat capacity,
while the through coating or perpendicular properties would be like a traditional coating,
low conductivity and volumetric heat capacity. One method to accomplish this is with
functionally graded coatings. Functionally graded coatings are stacked layers or plies of
different materials. They have been used to vary thermophysical or mechanical properties
of a coating through the cross section, i.e. transitioning from a ceramic to a ceramic metal
blend to increase coating strength or modulate CTE [103]. One added benefit that is often
overlooked is that the thermophysical properties not only vary locally through the coating,
they alter the parallel vs perpendicular bulk equivalent properties. Salazar [104] proposed
a methodology for calculating the effective properties of a composite media both parallel
and perpendicular to the layers as a function of volume fraction. Heat capacity follows the
rule of mixtures for both parallel and perpendicular, while conductivity is a rule of mixtures
for the parallel orientation. The perpendicular effective property is modeled equivalent to
an in parallel thermal resistor network. This is shown in Figure 65, wherein a volume
fraction sweep of Copper in a Gadolinium Zirconate coating is simulated. Volumetric heat
capacity will be the same in parallel or perpendicular, so moving from 100% Gadolinium
Zirconate on the lower left to pure copper on the upper right monotonically increases the
volumetric heat capacity, as copper has a much greater volumetric heat capacity. The truly
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interesting phenomenon is that the conductivity in parallel vs perpendicular is greatly
affected with even a small amount of Copper. The perpendicular (through coating)
conductivity remains very low with additional increases in Copper, while the parallel
conductivity linearly increases. For a volume fraction of 10% copper, the parallel
conductivity increases from 0.74 W/mK to 42 W/mK (~950%) while the perpendicular
conductivity increased from 0.74 to 0.83 W/mK (12%). The stated goals of the ideal
coating for spreading heat were low volumetric heat capacity (drives demand for low
volume fraction of diluent), with high parallel and low perpendicular conductivity. A
composite thermal barrier coating of an excellent thermal insulator, diluted with a small
volume fraction of an excellent thermal conductor could accomplish this. Development and
analysis of this concept is left as future work. Further analysis is required to find the parallel
conductivity needed to impactfully transfer the higher temperatures underneath
impingement zones to the unaffected zones, and quantify how much of a potential impact
reducing the gas wall temperature delta in the unaffected zones could assist in reducing
heat transfer losses.
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Figure 65: Effective thermophysical properties for a volume fraction sweep of
Gadolinium Zirconate and copper

4.8 Conclusions
A production relevant DD13® HD diesel engine CFD and FEA model was
developed to analyze the effects of a 100 µm Gadolinium Zirconate thermal barrier coating
on heat transfer losses and combustion. A coupled methodology was developed that
asynchronously links the CFD model to the FEA solid model of the piston with, or without
the TBC. Several iterations of boundary conditions are passed between the models until
the surface temperature and combustion characteristics reach a steady state. The
advantages are twofold: (i) accurate predictions of spatially resolved temperature swings
and their impact on the cycle parameters, including thermal efficiency, and (ii) predictions
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of local extremes critical for assessing the risk of coating phase change or melting,
impacting the selection of the coating material. This modeling methodology is novel in the
sense that there is no averaging either spatially or temporally, so full resolution of the TBC
effect can be modeled. The specific findings of this study are as follows:
•

For the high loads run in this study, the surface temperature of the TBC reached
1200 K, achieving a dynamic surface temperature swing of 600+K, compared to
the metal piston with a maximum temperature of 750 K.

•

The combustion phasing was not significantly affected by the addition of the TBC,
however the heat transfer losses were reduced by ~10%.

•

The heat transfer losses intracycle are significant during combustion and expansion,
and there are no adverse effects on volumetric efficiency on the open cycle.

•

The closed cycle analysis showed higher net work (1.2%) and exhaust enthalpy
(1.04%) on a relative basis for the TBC case, indicating potential system level
benefits for turbocharger, which was not modeled for this work.

•

The framework developed allows for rapid exploration of the TBC design space
through the use of a required temperature swing analysis. In other words, reverse
calculations are possible, predicting the temperature swing amplitude required for
achieving a given heat transfer reduction target.
The integrated energy analysis indicated that over 60% of the coated surface did

little to reduce the cumulative heat transfer reduction. The unaffected zones, compromised
of the squish region, between plume region and bowl center had very little temperature
swing. With the much higher bulk gas temperatures in the cylinder for mixing controlled
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combustion (diesel) engines compared to LTC combustion modes, these unaffected zone
swing (60-100 degrees) did not impactfully reduce the temperature delta between the gas
and the wall. Future work should investigate either the need for coatings in these regions
or potentially the use of functionally graded coatings that can vector the large heat fluxes
from the impinging zones into increased surface temperatures in the unaffected zones,
through modification of a coatings in plane parallel vs. perpendicular effective
thermophysical properties.
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CHAPTER 5:
DEVELOPMENT OF COUPLED THERMAL-MECHANICAL MATERIAL MODELS
FOR THERMAL BARRIER COATINGS IMPLEMENTED IN THE COSIMULATION FRAMEWORK
5.1 Failure Model Development
The co-simulation routine developed in the previous chapters provides the
necessary fidelity needed to develop deeper understanding of the potential failure modes
for thermal barrier coatings in a heavy-duty diesel environment. The stress states generated
within a thermal barrier coating are strongly correlated to the temperature field, and the cosimulation framework captures the spatial and temporal effects of mixing controlled
combustion and impinging flame jets on the temperature field generated within a thermal
barrier coating to enable in depth investigations of the inhomogeneous temperature field.
A coupled thermal-mechanical stress model can now be developed to leverage the highresolution temperature field and investigate the effects of thermal and mechanical
properties on the stress states within the coating. Differences between the CTE of the metal
substrate and that of the ceramic coating, as well as the temperature gradients within the
coating will lead to strain, with likely highly localized effects for the full piston model. The
technical ceramics used for TBCs behave very differently than the ductile substrates (steel
or aluminum) and therefore require the development of several material models in order to
correctly capture the material response to both thermal and mechanical strain. In other
words, material models are needed that more accurately represent the coating response to
strain than linear elastic models within the literature by incorporating nonlinear material
properties and end to end loading states for the TBC. This chapter presents an approach for
the development of such models, their implementation, and subsequent validation.
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Using the validated material models within a simplified geometry, a parametric
sweep was conducted to characterize the effects of various thermophysical and mechanical
properties and identify the root cause of the observed stresses. The mechanism driving the
critical stresses stems from either 1) the coefficient of thermal expansion mismatch at the
interface between the thermal barrier coating and substrate, or 2) the thermal gradient
within the coating leading to a strain differential between the interface and surface of the
coating, and this chapter sheds light on that important issue.
5.2 Failure Modeling for Thermal Barrier Coatings
In the IC engine context, there are several researchers who have attempted to model
and characterize the both the thermal and mechanical behavior of a TBC, as well as its
failure. Ashouri [105] modeled an aluminum cylinder head coated with a two-layer, bond
coat and YSZ coating structure, and implemented a viscoelastic material model to a quasitransient (cold start to operating temperature, not intracycle). The modeling targeted
understanding the temperature and stress state of the aluminum cylinder head, not the
coating for fatigue life estimation. Moridi et al [106] modeled a TBC, bond coat, aluminum
substrate to represent a coated diesel engine cylinder head to investigate the effect of
interface morphology on coatings stresses. This was accomplished with a simplified 2D
interface roughness model, with roughness between layers approximated by a sinusoidal
wave. The authors used an isotropic hardening plasticity model to capture stress relaxation
and the nonlinear behavior of uniaxial test data. They found that for a variety of substrate
interfacial roughness wavelength/amplitude combinations, the stresses at the interface of
the substrate and bond coat were higher than that of the interface between the top coat and
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bond coat, by an order of magnitude. Additionally, the stresses between the bond coat and
substrate were magnified by larger amplitude interfaces, i.e. larger roughness values (Rz).
Baldissera et al [86] modeled an 8% YSZ coating applied to a cast iron diesel piston with
a bond coat. Steady state thermal loads were applied, with a temperature-dependent linear
elastic mechanical model. The authors modeled the inertial forces of the engine
reciprocating components, gas pressure, and thermal loading to generate the stresses in the
coating and found that the Von Mises stress was not affected by the inertial forces, and the
gas pressure and thermal load stresses were both on the order of 200 MPa and combined
reached a peak of 458 MPa Von Mises stress. This analysis used elastic moduli and yield
stresses derived from nanoindentation methods, which are significantly higher than the
material properties used in this study. Cerit et al [101] modeled a diesel piston with a
Magnesium Zirconate coating with thicknesses varying from 200 microns to 1.6mm,
imposing steady-state thermal loads and a linear elastic material model. The authors
compared the Von Mises and shear stress at the interface to draw insight into potential
delamination. However, no experimental data was presented to draw quantitative
conclusions, rather, the authors noted trends on coatings stresses with coating thickness.
The Von Mises analysis used for both of these studies is questionable, as the failure criteria
were based on ductile materials that do not experience hydrostatic pressure failure, which
ceramics exhibit [71]. Taibani et al [42] conducted a numerical study focused on material
property effects on a diesel cycle and included a simplified 2D block model with a central
crack between the TBC (8% YSZ) and substrate (aluminum). The crack is modeled as a
gap between the TBC and substrate, and a TGO is presumed to grow in this region,
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generating strain in the coating. An elastic plastic material model is coupled to a Johnson
Cook damage model to predict fracture strain. The mechanical material properties are taken
from Messerschmidt et al [107], which is for cubic zirconia crystals, not plasma sprayed
coatings, and as such has significantly higher elastic moduli and onset of plastic strains
compared to the data sets for relevant technical ceramics used in this study. The authors
swept the coating elastic modulus, coating thickness, and coating thermal conductivity and
compared the models for maximum fracture stain. The authors postulated that the TGO
growth driven compressive stresses in the coating led to predicted failure, and that a lower
elastic modulus, thickness and thermal conductivity were desirable. This approach, while
incorporating the correct physical models for mechanical response to strain, did not show
any model validation, nor explain the rationale behind using material properties for
crystalline YSZ compared to the amorphous phase YSZ found in plasma sprayed coatings.
5.2.1 Research Gaps
Literature review has found a significant number of studies focused on one or more
aspects of thermal barrier coating properties that are postulated to affect or lead to failure,
such as coating elastic modulus, CTE mismatch between coating and substrate, CTE
induced thermal gradient stresses, interface morphology, and finally TGO growth.
Additionally, the studies investigate the coating in different operating conditions, either
modeling the stress/strain response from a transient temperature event (cold start from
room temperature to operating temperature),or modeling a time-based behavior (TGO
growth). Several works have incorporated more advanced and realistic material models to
capture the elastic plastic transition, as well as isotropic hardening, although most use linear
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elastic models. These models develop insights into the sensitivity of one or more of the
parameters effects on the coating stress, however the body of literature is segmented by
each individual study’s choice of ignored properties or operating conditions. Many are
focused on typical gas turbine boundary conditions rather than those encountered in an IC
engine. The disconnects between different studies makes it difficult to piece together a
unified understanding of the dominant factor(s) that lead to failure in an IC engine.
A holistic modeling framework is necessary to satisfactorily incorporates the key
thermophysical and mechanical properties, correct mechanical response to strain (elasticplastic model), lifecycle strain progression (coating application to first engine start up cycle
to operating temperature to intra cycle to cool down), residual stresses from the coating
application process, and failure criteria, and in turn generate insight regarding the critical
phenomena in an IC engine application of TBCs. This is the motivation for research
presented in this chapter and the next.
5.2.2 Yield Surfaces
Identification of the failure limit for ceramics is a difficult task, as traditional and
more universal yield criteria for ductile materials like Von Mises stress or Tresca stress do
not apply. Ceramics display a sensitivity to hydrostatic stresses in tension, as well as
anisotropic behavior in tension vs compression, violating two of the fundamental
assumptions for traditional ductile failure models. To capture these effects, a yield surface
that is a function of principal stresses or stress invariants have to be used. A yield surface
is simply a 3-dimensional surface existing in the three principal stress axes coordinate
system. Principal stresses are derived from the Cauchy Stress tensor for a unit element,
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wherein the three axes are rotated such that no shear stresses act on the element. In this
formation, the principal stresses can be more easily compared to uniaxial tensile or
compressive yield data. For each unit element, the principal state of stress (σ11 , σ22 , σ33)
can be compared to the yield surface. If the stress state falls inside the surface, yield has
not occurred, while if it is outside the surface, yield has occurred. With this methodology,
the complex 3D stress states within the coating can be reduced to principal stresses, then
evaluate if the stress state falls on or outside the yield surface, indicating either the onset
of plasticity or material failure depending on the exact parameters of the yield surface.
Figure 66 shows a variety of yield surfaces for a different material classes.

Figure 66: Types of yield surfaces for a variety of material classes. Reprinted from [108].
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A yield surface is plotted in the principal stress state space, and observes the
functional form:
𝐹𝐹(𝜎𝜎1 , 𝜎𝜎2 , 𝜎𝜎3 ) = 0
𝐹𝐹(𝐼𝐼1 , 𝐽𝐽2 , 𝐽𝐽3 ) = 0

(11)
(12)

Where σx represents the principal stress, I1 represents the first principal invariant of
the Cauchy stress tensor, while J2 and J3 are principal invariants of the deviatoric section
of the Cauchy stress tensor. As an example, Von Mises stress is primarily associated with
the ovular 2D form in the σ1 σ2 plane. This ovular shape arises from the assumption that
hydrostatic stresses, ( σ1 = σ2 = σ3) cannot cause failure in a ductile material, so the failure
surface is a cylinder on the axis wherein x=y=z, also known as the 1-1-1 plane. In the 2D
space, the cross section is taken parallel to a plane, typically XY, so the circular cross
section in the x=y=z plane, is stretched along the Z axis, creating the ovular shape
associated with Von Mises failure criteria. In brittle materials the hydrostatic assumption
for tension does not hold [110]. Since yield can occur hydrostatically in tension, the yield
surface must then be closed for positive (tensile) principal stresses. This can be seen in
Figure 66, for both the Drucker Prager and Mohr Coulomb yield surfaces. The anisotropic
nature of yield for these ceramics is captured in the yield surface equation as shown by the
yield surface in Figure 67. This surface is commonly used to characterized concrete
behavior. The red arrows designate uniaxial tensile stresses (positive) from a zero-stress
state to the point of yield. The black arrows represent uniaxial compressive stresses
(negative) in the two principal directions. The differential in the magnitude of the vectors
is the anisotropy in yield strength in tension vs compression.
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Figure 67: Normalized cross section of William Warnke yield surface. Red arrows
indicate uniaxial tensile stresses in principal directions 1 and 2. Black arrows indicate
uniaxial compressive stresses in the 1 and 2 principal directions. Cross section is for
zero stress in the third principal direction.
A Three parameter William Warnke model was chosen for the failure criterion in
this work [109]. The methodology to identify the William Warnke model fit parameters
used in this work is based on Xie et al [71], however the equation formulation for the yield
surface is from Janosik and Duffy’s seminal two-part series on the derivation of the
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William Warnke surface for technical ceramics [110, 111]. The yield, or flow surface as it
is sometimes referred is defined in equation 13, and pictorial represented in Figure 68. with
the threshold parameters and surface definition equations shown in equations 14-23.
𝐹𝐹 =
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Figure 68: Simplified Flow Surface plotted in the PI plane in Haigh-Westergaard stress
Space, adapted from [111].
For the above equations, F represents the flow surface characteristic equation,
which can represent an open or closed surface in the principal stress space. The Janosik
and Duffy modified William Warnke model is a three parameter model, meaning that three
material properties are needed to completely fit the yield surface. Mathematically, the
William Warnke model includes anisotropy through the third invariant of the deviatoric
stress tensor, J3, and the hydrostatic effects are incorporated by the first invariant [111].
The three input parameters are the tensile, compressive, and biaxial yield stress (σt, σc, σbc)
in which plasticity effects begin. These values are then transformed into ratios to introduce
the anisotropy in tension and compression, Yt and Ybc. The final threshold parameters Rc,
and Rt are shape factors for the triangular surface when viewed from the PI plane in the
Haigh-Westergaard stress space.
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5.3 Modeling Features Required to Achieve Relevance in the Context of TBCs for
ICE, and Validation
The literature review identified several critical phenomena that are necessary to
ensure the correct material responses are captured for coating failure analysis. The initial
state of stress in the coating from the coating application process is necessary, as operating
conditions in the engine can generate stresses that are on the order of the tensile yield stress.
Without knowledge of the initial state of stress, the model runs the risk of early prediction
of failure. As an example, a coating can have a residual compressive stress, if a linearly
increasing tensile strain is then applied, the stress state must first overcome the compressive
stresses/strains before the stress state in the coating becomes tensile. A model that does not
capture residual stresses will predict tensile yield sooner than one that captures the residual
compressive stresses. As will be shown, the residual stresses (dependent on coating CTE)
can be on the order of 50-100 MPa, much higher than the yield stress of a typical plasma
sprayed coating in tension.
Similar to the residual stresses, the strain progression within a coating must be
modeled in a real-world order to ensure that the stress/strain state of the coating at the
beginning of the analysis is representative of the real stress/strain state of the coating. For
the following parametric studies, the loading profile begins with: Coating application
(transient coating application temperature to room temperature), then initial cold start
(room temperature to operating temperature), followed by a complete engine transient
cycle at the end of the ramp to operating temperature to understand the transient intra-cycle
stresses generated from the thermal mechanical loading during the combustion event.
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Finally, a cool down to room temperature step is included to investigate the effects of a hot
shut down.
A material model that captures the nonlinear strain response of the coatings is
necessary to ensure that the strains generated from CTE driven mismatch or thermal
gradients are correctly captured as stresses, as coating failure models are functions of
principal stresses or invariants. An elastic-plastic material model was adopted for this
work, and two separate isotropic models were created and validated to uniaxial tensile and
uniaxial compressive data. The plasticity is handled with the ABAQUS plasticity model,
which does use an isotropic Von Mises yield criteria for the onset of plasticity. However,
material failure is externally checked with a MATLAB routine that uses the William
Warnke failure surface. In ABAQUS, two separate isotropic models were developed
separately for the tension and compression behavior of the TBC. Throughout the load cycle
of the piston, the ABAQUS model transitions between the isotropic tensile material
definition and the isotropic compressive material definition depending on the dominant
stresses for the loading phase. These transitions are made during timepoints where the
stresses in the coating are approximately zero, to eliminate any effects of the changes in
elastic modulus between the material models. This methodology allows for significantly
increased computational efficiency compared to implementing these material models with
a user subroutine.
Finally, a yield criterion is necessary to predict when the coating stresses exceed
the material strength. A modified William Warnke failure surface is implemented in the
post processing routine to capture the significant anisotropy in tensile and compressive
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ultimate yield stresses. This methodology and its relevance will be outlined in the following
sections.
The research plan is as follows: the benchmark models are developed and validated
independently to sources from literature. With these benchmark models validated, a
parametric study is conducted to investigate the failure sensitivity of a coating to material
properties such as coefficient of thermal expansion, thermal conductivity, and density.
Initial stresses from the coating application are considered in the analysis of regular
operation. An outline of the proposed methodology is given in Figure 69. This Figure
highlights the key features being captured in the parametric study in chapter 5, as well as
the additional fidelity achieved in chapter 6. It includes the additional material models that
would be needed for characterizing long term material property changes over time, in
contrast to this study which focuses on the initial coating application to first firing intra
cycle stress states to understand the mechanisms of stress generation that could lead to
coating spallation and failure.
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Figure 69: Failure modeling framework, separated out by the material models and
boundary conditions applied for the simplified geometry in chapter 5 and the full
piston geometry in chapter 6. This framework overview also includes a generalized
path for any future studies of failure modeling for a specific TBC, denoting the
additional material models necessary for lifetime impact quantification.

5.3.1 Material Model Development
Several modeling components were required to best represent the physical nature
of the coating. The gas turbine literature was leveraged for insights into critical properties
and material responses required for TBC’s analysis in this work. The mechanical response
to strain (elastic modulus) is difficult to quantify in thermal barrier coatings, as it is a strong
function of temperature, and is highly nonlinear, especially in tension [112]. The
NASA/Pratt Whitney report from 1989 [112] provides the most data for tensile and
compressive stress/strain response for a technical ceramic material (7% stabilized YSZ)
within the family of TBC’s investigated in this work. The uniaxial compression and tension
tests highlight the severe anisotropy of technical refractory oxide ceramics, where the yield
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strength of the material is an order of magnitude different, and the elastic moduli vary by
approximately 30% for the same material temperature, the tensile elastic modulus being
the stiffer of the two. The uniaxial tensile and compressive stress strain relationships were
recreated using an image to data extraction tool in MATLAB [113] and are shown in Figure
70. The authors of the original data set noted that the tensile specimen failure occurred at
a filleted ridge at the thinnest cross section, and the stress concentration and variability at
871 °C could have derived from the manufacturing process. The softer 871 °C data set
(shown in yellow in Fig. 59) will be used for the material model validation work moving
forward.
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Figure 70: Tensile and Compressive stress strain responses for APS YSZ at various
operating temperatures. Reproduced from [112]
To correctly represent the stress states within a refractory oxide ceramic, the
anisotropic yield and the significant nonlinearity in the Elastic modulus must be accounted
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for, and therefore a linear elastic material model cannot be used. The two property effects
were separated into two different modeling tasks in ABAQUS. The nonlinear elastic
modulus was modeled by utilizing an elastic-plastic material model, wherein the uniaxial
test data as a function of temperature from [112] was integrated as a lookup table for the
solver. The ceramic materials used for thermal barrier coatings display significant
anisotropy in yield strength and ultimate strength, like concrete. Models for concrete have
been established to model this transition from elastic to plastic as well as modeling failure
[114]. Several researchers have modified concrete models to fit technical ceramic behavior
[71, 111]. A similar approach to [111] was employed and modified version of the William
Warnke [19], where a yield surface for triaxial behavior of concrete was implemented to
define the effective safe region of coating stresses. For this work, the William Warnke
Model was not used to define the plastic transition region, but rather as a failure criterion
to capture the anisotropic ultimate yield of these ceramics in tension vs compression. To
characterize the ultimate yield and establish a quantifiable criterion, the test coupon
geometry from the NASA report [112] was replicated in ABAQUS, and uniaxial tensile
and compressive tests were simulated. The yield criterion equations were scripted into a
post processing routine, and the three parameters that fit the William Warnke surface were
curve fitted to match the ultimate stress across the range of temperatures investigated
experimentally.
Earlier work by Xie et al [71] laid the groundwork for this methodology by using
machine learning to fit a three parameter William Warnke yield surface to the uniaxial
tensile and compressive data for air plasma sprayed Yttria Stabilized Zirconia [112]. Xie’s
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approach was modified for the purposes of this work, wherein the elastic plastic material
model native to ABAQUS was used to account for anisotropic elastic moduli as a function
of temperature and strain, and the William Warnke yield surface was used for prediction
of the onset of failure. With these material responses captured, the material model has the
necessary fidelity to assess the stress states within the coating.
The largest issue with attempting to add additional high fidelity material models
that capture the minutia of effects such as creep, stress relaxation, plastic flow, etc., is that
they are incredibly material dependent, and the data needed to adapt each of these models
to new coatings is not accessible in the literature. Therefore, the aim of this work is to
characterize the sensitivity of thermophysical properties on the stress state generated, and
not on the lifetime impacts of various effects like creep or sintering. The important material
responses are captured through the elastic-plastic material model and the William Warnke
yield surface which in turn defines failure. The interplay between the thermal properties
and the mechanical properties are of particular interest.
The final necessary step to ensure adequate model fidelity was to develop an
initialization model capable of predicting stresses generated from the coating deposition
onto the substrate. The residual stresses created during the coating deposition can be on the
order of the yield stress. It is therefore a prerequisite for the modeling work to ensure the
correct order of magnitude of stresses from the coating process are propagated into
subsequent modeling of the conditions occurring during combustion. Residual stresses
from the plasma spray process are caused by two key phenomena during the coating
process: the deposition/quenching stresses and the cooldown stresses. Quenching stresses
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arise from the deposition of liquid droplets that cool and solidify, introducing a tensile
stress through the coating [115]. Cooldown stresses arise from the TBC/substrate
coefficient of thermal expansion mismatch as the coating/substrate cool from the quench
temperature down to room temperature. Therefore, the temperature of the substrate plays
a key role in the stresses that develop and can change the nature of the TBC residual stress
from tensile to compressive [116]. The residual stress modeling approach leverages the
traditional Tsui and Clyne [115] analytical deposition stress model to establish the stress
state at the beginning of the cooldown model. The cooldown model (CTE mismatch) was
then validated against an example from literature [117], which investigated the residual
stresses as a function of substrate preheating temperature and cooling rate. The CTE and
cooldown temperature were swept to characterize the sensitivity of these parameters on the
residual stresses formed in the coating [115].
5.4 Material Feature Model Development and Validation
In the following sections the model parameters, case setup and validation for each
material feature model is presented. These material feature models include anisotropy in
elastic modulus and yield/failure surface, as well as the residual stresses from the coating
application process. The material feature models are validated independently to examples
from literature, then integrated into the simplified block representation.
5.4.1 Anisotropic Elastic Modulus + yield surface
The elastic modulus anisotropy of ceramics is critical for the modeling work, as the
elastic modulus is the direct connection from the thermal load induced thermal expansion
(tensile or compressive strain) to stress, which is used to predict failure. Furthermore, as
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shown in the following residual stress model validation section, the elastic modulus of the
coating has a large effect on the cooldown stresses, and therefore accurate
modeling/knowledge of the elastic modulus for each material studied is important. For this
work, the initial stiffness in tension and compression is extracted from uniaxial tensile and
compressive data over a range of temperatures, found in [112].
The anisotropic non-linear elastic modulus was implemented using an elastic to
plastic transition material model in ABAQUS. This methodology was selected as it is a
relatively simple model to completely define using simple uniaxial compressive and tensile
test data. Two versions of this elastic-plastic material model were created and validated,
one for tension, and one for compression. The elastic models were defined using the initial
stiffness values reported in [112] as a function of temperature. A plasticity model was used
to capture the nonlinear stress strain response shown in Figure 70. Uniaxial compression
and tension experimental data were converted to true stress and strain, then the inelastic
strain was subsequently calculated using the following equation.
𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐸𝐸

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠

(24)

The plastic strain and true stresses were imported to the traditional ABAQUS
plasticity model as a function of temperature. One final note is that ABAQUS can only use
one material definition during a job step, either tension or compression, as the elastic and
plastic models assume isotropic behavior. This creates issues, as different operating
conditions cause the coating to be in a majority tensile or majority compressive stress state,
and require using the tensile or compressive sub models. To account for this, the material
properties were also defined as a function of a user defined field variable, that can be
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changed during different load steps in the ABAQUS job. These transitions are made during
time points were the coating stress state is near zero. The transition points and an example
of why this is necessary is given in the following sections focused on the parametric study
operating conditions.
The prediction of failure via the failure surface was not implemented in ABAQUS,
as the plasticity models built into ABAQUS are not natively capable of modeling the
William Warnke surface. Rather, the elastic-plastic model captures the material behavior
through the failure point, and the yield surface is used to identify failure external to
ABAQUS. The yield surface was evaluated in a post processing routine in MATLAB, i.e.
the nodal stress data was exported and processed after the job had completed. This allowed
for fast FEA model simulations, wherein more simplistic and faster running (anisotropic)
elastic/plastic material models were simulated, then a determination of the likelihood of a
coating to exceed failure limits was made in the post processor. The yield surface
parameters were tuned such that the ultimate failure yield occurred at F = 1, and therefore
for the purposes of this work, the coating was deemed to have failed if the quantity F met
or exceeded unity.
The Janosik and Duffy equations for the modified William Warnke Yield surface
[111] were adopted and the yield parameters were identified based on ultimate yield
experimental data from [112]. For the tensile and compressive data, the exact geometry
was reported in [112], and replicated faithfully for this work. Figure 71 shows the tensile
specimen with color contours for the absolute in plane principal maximum stress, plotted
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at the exact time step wherein the post processing yield surface identified a stress state that
met the ultimate yield failure criteria.

Figure 71: Absolute in plane principal stress in pascals for the 871 Celsius tensile case,
plotted at timestep of identified failure by the William Warnke model, ~18 MPa in
plane principal tension.
The Yield surface parameters, σt, σc, and σbc were fitted to the experimental data and
implemented into the post processing routine as a function of nodal temperature, such that
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for each node and timestep being evaluated, the yield surface criteria F, is evaluated using
spatially and temporally updated σt, σc, and σbc that are functions of the nodal temperature.
5.4.2 Anisotropic Elastic Modulus and Yield Surface Validation
The validation for both the elastic plastic material model response to strain and the
MATLAB implemented William Warnke failure surface are shown in Figure 72. There is
good agreement with both the initial stiffness of the coating for each tested temperature,
and the plasticity onset and inelastic strain are captured well. Additionally the location of
yield occurs within 1% of the ultimate stress at failure, with the one exception being the
1204 C compression case, where large plasticity lead to reduced stresses with increasing
strain. The model was tuned such that the predicted failure at this point occurred at the
location of peak stress, rather than at the ultimate strain.
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Figure 72: Tensile and Compressive failure. William Warnke failure criteria. F = 1 at the
stress at the star icon. The tensile σt is on the order of 16-22 MPa, while the
compressive σc is on the order of -275 to -375 MPa.
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5.4.3 Residual Stresses
The residual stresses within the coating are a function of two key phenomena, the
quenching stress associated with the phase change from plasma to solid, and the cooldown
stresses associated with the CTE mismatch between the TBC and the substrate [115]. The
maximum quench stress associated with ‘splat’ phase change is denoted in equation 25,
and the analytical definition for CTE mismatch/cooldown stresses given in equation 2627:
𝜎𝜎𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞ℎ =

𝐾𝐾𝑐𝑐 − 𝐾𝐾𝑛𝑛 =

𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶
𝑏𝑏ℎ

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 ∗ 𝛼𝛼𝑇𝑇𝑇𝑇𝑇𝑇 ∗𝛥𝛥𝛥𝛥
1−𝜈𝜈

− 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 ∗ (𝐾𝐾𝑐𝑐 − 𝐾𝐾𝑛𝑛 ) ∗ (ℎ − 𝛿𝛿)

(6𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 ℎ𝐻𝐻(ℎ+𝐻𝐻)∆𝜀𝜀)

(𝐸𝐸 2 𝑇𝑇𝑇𝑇𝑇𝑇 ℎ4 + 4𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 ℎ3 𝐻𝐻 + 6𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 ℎ2 𝐻𝐻 2 + 4𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 ℎ𝐻𝐻 3 + 𝐸𝐸 2 𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻 4 )

(25)
(26)
(27)

The initial model validation of residual stresses utilized the two example cases
provided in [115]. The first model represents 1 mm of APS NiCrAlY being plasma sprayed
onto a test coupon of PK33, a nickel based super alloy with cross sectional dimensions of
1.6mm thick x 20 mm wide. The second represents a 1.5mm coating of APS YSZ applied
to the same PK33 substrate. Figures 73-74 outline the validation of the residual stress
model for the two of deposited coatings/substrate validation cases, a plasma sprayed bond
coat (Figure 73), and APS YSZ (Figure 74) onto the PK33 superalloy. The residual stress
model captures the two key phenomena of the plasma spray process, the initial phase
change and ‘splat quenching’ as well as solid phase cooldown stress generation from CTE
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mismatch between the coating and the substrate. This is shown in detail for both the
NiCrAlY coating on PK33 in Figure 72, as well as the APS YSZ applied to PK33 in Figure
74, where the quench and cooling stresses are shown separately, then combined. The Tsui
and Clyne model [115] will allow for a correct order of magnitude approximation of the
residual stresses from the spray process.

Figure 73: Quench, cooling, and total stress for APS NiCrAlY on PK33, validation data
from Tsui and Clyne [115]shown in black.
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Figure 74: Residual stress model validation of APS YSZ Sprayed on PK33 super alloy,
A) reproduced from [115], B) model validation of residual stresses.
5.4.4 Residual Stress Study
The residual stress model can be used to gain insights into the initial state of stress
and the sensitivity of the stresses based on coating properties. The Clyne model for quench
stress indicates that for any coating wherein the coefficient of thermal expansion is greater
than that of the substrate, the stress state in the coating will always be tensile. However,
when the CTE of the coating is less than that of the substrate, there exist a set of spray
conditions that can introduce a compressive stress within the coating, which is beneficial,
as the coating is much stronger in compression than tension. While the quench stress is
nearly always tensile, the CTE mismatch stress for CTE coating or αd < CTE substrate or
αs, introduces compressive stresses. This can be seen in the left-hand plot of Figure 75
wherein the larger negative (compressive) cooling stress offsets the small positive (tensile)

167

quenching stresses. In a general sense, the coatings are known to be weaker in tension than
compression, so it is of interest to induce compressive stresses during the coating process,
to put it differently, a coating with a lower CTE than the substrate is beneficial.

Figure 75: Coating stress states from plasma spray process, reproduced from [118]. A)
quench, cooldown and total stresses for the case where CTE of the deposited coating is
less than the substrate and B) quench cooldown, and total stresses for the case where
the CTE of the deposited coating is greater than the substrate. Case A shows that
compressive stresses are possible to induce in the coating if the CTE of the coating is
less than the substrate.
A sensitivity study was conducted to ascertain the initial effects of realistic TBC
coating properties on residual stresses. The physical properties of the substrate and coating
necessary to replicate the model are given in Table 7. The CTE was swept from 0 PPM K
to 20 PPM K, the typical range of technical ceramics. The quench stress is low for these
coatings, and not a strong function of the coefficient of thermal expansion, with maximum
stresses on the order of 4 MPa in tension. The cooling stresses vary significantly, on the
order of ± 100 MPa, with low CTE coatings cooling into compression, and high CTE
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coatings cooling into tension. An important process parameter during thermal spray in the
preheat temperature of the substrate, typically on the order of 200-300 degrees Celsius.
Combined with the high temperatures from the plasma spray process, the interface
temperature at the start of cool down is approximately 300-500 °C. For this sensitivity
study, the cooldown temperature delta (deposition temperature – final room temperature)
was wept as well to understand the process parameter impact on residual stresses.

Table 7: Properties of TBC and substrate for CTE sensitivity sweep.
CTE
TBC
Substr
ate

0:2:20
PPM K
12.7
PPM K

Youngs
Modulus

Quench Stress

Thickness

Poisson’s Ratio

20 GPa

2MPa*(CTE/CTEbase)

100 µm

0.19

201 GPa

N/A

4 mm

0.31

Figure 76 shows the sensitivity of the CTE and cooldown temperature change on
the quench (76A), cooling (76B), and total stresses (76C). The cooling stresses are a strong
function of the CTE mismatch and follow the same trend as proposed by Kuroda and Clyne
[118] that a TBC with a lower CTE than the substrate can impose residual stresses that are
compressive. Compressive residual stresses are beneficial, as any stresses from the TBC
during normal operation that are tensile will first have to overcome the initial compressive
stresses. A large enough compressive residual stress can completely offset any tensile
stresses that arise during normal operation. Figure 76 highlights the effect of the
temperature delta for the cooldown process as a function of 20 representative coating CTE
values, ranging from 0 -20 PPM/K. The CTE trends again shows that the stresses from the
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spray process will be net compressive if the CTE of the TBC is less than that of the
substrate, with larger compressive stresses possible by increasing the temperature from
which the cooling process begins. This can be accomplished in practice by increasing the
number of preheating passes to increase the substrate temperature prior to the spray
process. The CTE match case, depicted on the Figure 76C shows that there are no stresses
associated with the cool down process other than the original quench stresses, so the overall
magnitude of residual stresses are low, ~2.5 MPa in tension. The high CTE cases shows
large tensile stresses are produced in the coating from the cool down process, with higher
tensile stresses created from higher starting temperatures. For coatings that have a CTE
coating > CTE substrate, it would be beneficial to reduce the substrate temperature during
the coating application to lower the tensile stresses that are generated.

Figure 76: Residual stresses for a CTE sweep from 0 to 20 PPM/K (red to purple) as a
function of cooldown temperature Delta, where the delta is defined as Initial
temperature to room temperature.
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The final sweep for the residual stress sensitivity study is a CTE vs elastic modulus
of the TBC. The elastic modulus is found in both the quench stress and cooldown stress
terms. Figure 77 shows the effect of elastic modulus (y Axis) and CTE of the TBC (x axis
as a function of the total residual stress. For CTE matched cases, ~12 PPM/K, the elastic
modulus has little effect on the residual stresses, but as the Delta in CTE grows, the larger
the elastic modulus of the TBC, the greater the stress. For TBC CTE’s < Substrate CTE, a
larger elastic modulus leads to larger compressive residual stresses, while for TBC CTE’s
> substrate CTE, the residual stress increases in tension. Based on the NASA report,
uniaxial residual stresses over ~20 MPa in tension will lead to coating failure, therefore
any combination of elastic modulus greater than 16 MPa with a TBC CTE greater than 16
PPM K, (for a steel substrate) is highly likely to result in coating failure/spallation during
the coating process.
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Figure 77: Total yield stress within a TBC as a function of TBC elastic modulus and
CTE. Substrate is the same material provided in table 6, TBC properties other than
Elastic modulus and CTE are the same as the APS YSZ validation case.

5.4.5 Final Model Integration
The associated material feature models have all been validated to either
experimental or analytical studies and are now ready to be integrated into a workflow for
quantifying the sensitivity of stress states during typical engine operating conditions to the
thermophysical and mechanical properties of thermal barrier coatings. The outline of the
modeling methodology and boundary conditions passed between the external MATLAB
models and ABAQUS is highlighted in Figure 78. A full factorial design of experiments
is conducted to sweep conductivity, density, and coefficient of thermal expansion.
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Step 1: Application of Residual Quench Stress
For each simulation, the material properties are passed to the analytical residual
stress [118] model to predict the residual stresses. An ABAQUS job file had previously
been created that included the validated elastic modulus and elastic/plastic material model,
with transitions integrated to switch between the tensile and compressive models
depending on the predominant stress state. The residual stress and material properties are
then inputted into an ABAQUS .INP job file, replacing the old material properties for
residual stress in the coating, residual stress in the substrate, as well as the conductivity,
density and CTE of the coating. Each simulation is then submitted. The ABAQUS job
begins with an initial step that sets the predefined residual quench stress as well as setting
the temperature of the TBC/substrate component to 550K, the as sprayed temperature.
Step 2: Cooldown to Room Temperature
A cooldown step to room temperature is modeled and compared to the analytical
cooldown stresses. This methodology was employed to correctly capture the compressive
strains from cooldown for coatings with CTE < CTE of the substrate. When the coating
CTE is equal to that of the substrate, there are no cooldown stresses, as they are a function
of the CTE mismatch. When the coating CTE is higher than the substrate, the residual
stresses are tensile. The field variable, discussed earlier, is set for this step to use the
validated compressive elastic/plastic material model, as the strains imposed during the
cooldown step are on the order of 2x the yielding strains of the tensile model. For the cases
where CTE of the coating < CTE of the substrate, all stresses are compressive.
Step 3: Engine Warm up to Steady State Operation:
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A 200 second steady state step is completed to replicate the engine warm up to
operating temperature, again using the compressive field variable and compressive elasticplastic material model during an initial ramp to 550K for the TBC. After 550K the model
is switched to the tensile field variable and therefore the tensile elastic plastic material
model, as for the majority of coated cases tested, the CTE mismatch stresses are tensile
above this temperature. The final steady state temperature gradients are generated by using
the crank angle resolved full load temporally and spatially averaged heat flux boundary
conditions from Chapter 4 imposed on the TBC surface, as well as validated backside
boundary conditions from chapter 3.
Step 4: Intra Cycle Time History:
At the beginning of this step, the field variable is switched to the compressive
elastic plastic model, since at the beginning of the step the stress state is close to zero and
compressive stresses dominate the intra cycle behavior. A crank angle resolved heat
transfer coefficient and gas side temperature from the validated thermodynamic model
from Chapter 3 is imposed as a convective heat transfer boundary condition on the top of
the TBC, with an oil cooling boundary condition imposed on the backside of the substrate.
It was found that several cases in the parametric study came quite close to reaching the
ultimate failure stress during the first combustion cycle, with large plasticity predicted. For
these cases a second combustion event (replication of this step) was applied to understand
the effects of the large plastic deformation from the first cycle, and ultimately failure was
predicted. For reference, these are the larger thermal conductivity (1 W/mK) with very low
values of CTE.
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Data Output and Post Processing:
A field output request is made to output the nodal temperature and stress values of
interest every 10 seconds for the steady state engine warm up step, and every 3 crank angles
for the transient intra cycle step. This modeling methodology covers all of the transient
stress state that a real-world TBC will see from the coating process (analytical residual
stress) to the temperature ramp up to operating temperature, and finally the intra cycle
stress from mechanical and thermal loads during fired ICE operation. A custom written
python code is run after job completion to extract the nodal temperatures, stress invariants
and principal stresses for a block of nodes within the TBC. The block model is
approximately 4 mm x 4mm, so only the central 1 mm values of the TBC top layer are
extracted to avoid edge effects. The nodal temperatures, first invariant of the Cauchy stress
tensor, the second and third deviatoric invariant, and max, mid and min principal stresses
are all extracted. Unfortunately, ABAQUS does not use the traditional definitions of stress
invariants, instead choosing the use the cohesive stress invariant equivalents; P, Mises, and
Third, so one additional transformation is necessary before all variables are ready to
evaluate the failure yield surface. In the equations below, I1 is the first invariant of the
Cauchy stress tensor, P is the pressure equivalent invariant, q, is the Mises equivalent
stress, J2 is the second invariant of the deviatoric component of the Cauchy stress tensor,
J3 is the third invariant of the deviatoric component of the Cauchy stress tensor, and Third
is the ABAQUS defined third invariant [119].
𝐼𝐼1 = −3 ∗ 𝑃𝑃

𝑞𝑞 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �3 ∗ 𝐽𝐽2
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(28)
(29)

2

𝐽𝐽3 = 𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖 3 ∗ 27

(30)

Figure 78: Workflow of automated ABAQUS job file creation, simulation, and post
processing yield criteria.
5.5 Parametric study
A design of experiments was conducted to investigate the sensitivity of the stress
states within the coating to conductivity, density and coefficient of thermal expansion. The
thermal Conductivity was swept from 0.2 W/mK to 1 W/mK in 0.2 W/mK increments, the
density was swept from 1000 to 5000 kg/m3 in 1000 kg/m3 increments, and the coefficient
of thermal expansion was swept from 0 to 21 PPM /K in 3 PPM /K increments. The sweep
was designed to operate within the same effusivity ranges as the thermal analysis in chapter
3 to understand the stresses over the entire range of possible coating property combinations.

176

It is of interest to understand the role of the thermal gradient stresses and interfacial stresses
as a function of the CTE of the coating.
5.5.1 Model Geometry and Mesh
A 3D simplified block geometry was utilized to investigate the effects of
thermophysical properties on the stress states generated. A 3D model was selected instead
of a 2D plane stress or strain model as there is mechanical loading from the in-cylinder
gasses applying pressure on the surface of the TBC in the out of plane direction, which
would not have been captured in a 2D analysis. The average thickness of the piston crown
used in the co-simulation analysis (in the bowl center and oil cooling galleries) was ~ 4
mm, so a 4x4 mm block geometry was built in ABAQUS, shown in Figure 79. A 100micron thick TBC was modeled atop the block. The mesh consisted of 40,000 Solid C3D8T
coupled temperature displacement elements, with a single bias applied such that the
elements for the thermal barrier coating region were on the order of 10 microns through
the thickness of the coating, then increasing in thickness through the depth of the piston
block. The TBC elements and piston elements were assumed to be in perfect contact,
thermally and structurally. The TBC elements were 200 x 200 microns in the XZ plane.
5.5.2 Model Boundary Conditions and loading Cycle
The model was constrained on the bottom face in the vertical direction (orange
arrows in Figure 79), with a pinned node at the forward bottom corner to eliminate rigid
body motion (blue arrows in Figure 79). The transient step thermal and mechanical loading
of the block is shown in the righthand side of Figure 79. These boundary conditions are the
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derived from the spatial average of the CFD boundary conditions (1000 RPM, Full load,
~25 bar IMEPn) used in chapter 4, and subsequently used in chapter 6.

Figure 79: 3D Block Model and Transient thermal and mechanical boundary conditions.

Initial models included the coating application cooldown, with an assumed coating
deposition equilibrium temperature of 550 Kelvin. A steady state coupled temperature
displacement step for a duration of 200 seconds was applied to capture this cool down step.
It was found that for coating CTE cases wherein the coating CTE was lower than that of
the substrate, the model elastically cycled from the initial quench stress state into
compressive stresses in the S11 and S22 directions. Subsequent heating cycles elastically
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reduced the compressive stresses until the deposition temperature was exceed. With no
plastic deformation, the step was deemed inessential to the modeling work for coatings
with lower CTEs than the substrate. It was found that the coatings with CTE values
3PPM/K or greater than the substrate (12.7-13 PPM/K, temperature dependent) failed
during this cooldown step, and the subsequent modeling steps were skipped. This failure
mode will be discussed in the latter sections of this chapter. Models with coatings that did
not fail during this step, (CTE coating <= CTE substrate ~ 13 PPM/K) were initialized at
the coating deposition temperature (with quench stresses) and then a 200 second steady
state ramp to operating temperatures was applied. For this step, the heat transfer coefficient
and gas side temperatures were averaged and applied as a uniform convective heat transfer
coefficient. The backside boundary condition was tuned such that the temperature matched
with the validation data that was used to validate the 1D finite difference solver in chapter
3. After the ramp to operating temperatures, a transient step is applied, wherein crank angle
resolved boundary conditions are applied to the combustion chamber side of the model.
The CFD boundary conditions from chapter 4 were spatially averaged to provide a
temporally varying heat transfer coefficient and gas side temperature. After the intracycle
step, and engine shut down step is modeled. This step is to capture the effects of negative
temperature gradients (TBC surface temperatures < TBC interface temperatures) on stress
states generated. An example case for the best and thermophysical property coating is
provided in Figure 80. A-C in Figure 80 represent a coating that had a thermal conductivity
of 0.2 W/mK, a density of 1000 kg/m3, and a heat capacity of 580 kJ/kgK. D-F in Figure
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80 represent a coating that had a thermal conductivity of 1 W/mK, a density of 5000 kg/m3,
and a heat capacity of 580 kJ/kgK.

Figure 80: temperature profiles for the steady state and transient portions of the 3D block
modeling for two different sets of coating properties, A-C represent a coating with a conductivity
of 0.2 W/mK and a density of 1000 kg/m3 and D-F represent a coating with a conductivity of 1
W/mK and a density of 5000 kg/m3 A/D A) warm up from coating deposition temperature to
operating temperature B/E) intra cycle temperature swing, C/F) cool down to room temperature.
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5.5.3 Initial Model Stresses
For each set of coating thermophysical properties, the design of experiments (for
coatings that did not fail during the cooldown step) swept the coefficient of thermal
expansion from 0 to 15 PPM/K. As an initial assessment, the principal stresses for the TBC
surface and interface are shown in Figure 81 for the best-case coating. The top row of
subplots represents the stresses that are generated during the initial cooldown and ramp to
operating temperature, while the second row are the stresses that are generated during the
engine cycle. For orientation, S11 and S33 are the in-plane stresses, directions that are
parallel to the surface of the TBC, while S22 is the out of plane, or through thickness
direction where the mechanical pressure loading is applied. There are several trends that
arise from the changes in coefficient of thermal expansion. Interfacial temperatures that
exceed the coating deposition temperature generate in plane tensile stresses at the interface
between the thermal barrier coating and the substrate, due to the differential in strain from
the substrate expanding more than the coating. These stresses are a function of the CTE
mismatch between the substrate and coating, so as the CTE increases in Figure 81, (left to
right) the interfacial tensile stresses are reduced.
Two other general trends arise from these models. Positive temperature gradients,
where the surface temperature is greater than the interface, induce compressive stresses at
the surface of the coating for non-zero coefficients of thermal expansion. This is seen
during the ramp to operating temperature, as well as during the temperature swing portion
of the firing cycle. Compressive stresses are far less likely to lead to coating delamination.
Negative temperature gradients, where the temperature of the surface of the coating is less
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than the substrate, lead to tensile stresses generated at the surface of the TBC. These can
be seen during the intake portion of the intracycle portion, before the compression stroke
and subsequent compressive stresses generated. Of the three main sources of stress, the
CTE mismatch stress at the interface and the negative temperature gradients are the two
stresses of concern, as they induce tensile stresses.
For the CTE = 0 PPM/K case, the largest tensile stresses are observed during the
ramp to steady state operating temperature. Again, this is due to the CTE mismatch stress
for interface temperatures exceeding that of the deposition temperature. There are no
thermal gradient stresses, so the surface and interface both have the same tensile stresses.
During the intra-cycle portion of the analysis, compressive out of plane stresses are seen,
and a small Poisson’s effect is noted in the in plane stress orientations. During cooldown
the stresses begin to change direction and become compressive, following the same
trajectory noted in the residual stress section. The zero CTE case shows the largest
compressive stress during this ramp down process, as the mismatch between the substrate
and coating is the largest. As the CTE increases, the steady state tensile stress decreases at
the interface, and an increase in the compressive stress is seen for the surface in plane
stresses (S11 and S33). At the CTE = 15 PPM/K stress state, the large positive temperature
gradient induces 18 MPa of compressive stress at the surface. During the first third of the
transient portion of the cycle, a negative temperature gradient is imposed as the surface of
the TBC is cooled by the intake air flowing into the cylinder. A rapid rise in negative
temperature gradient tensile stresses is seen, and the magnitude increases with larger CTE
values. For the cases shown here with the best case thermophysical properties, the coating
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sees the largest negative temperature gradient of the parametric sweep, and for the CTE
=15 PPM/K case, the tensile stresses generated are of a large enough magnitude to predict
failure by the William Warnke yield criterion. The negative temperature gradient during
this portion is approximately 25 degrees.

Figure 81: In Plane Stress Sensitivity to coefficient of thermal expansion for best case coating, K =
0.2 W/mK, rho = 1000 kg/m3, Cp = 580 kJ/kgK. A-F represents the stresses generated during the
warm up process for each CTE, G-L represents the stresses from the transient cycle for each CTE,
and M-R represents the stresses from the cool down process. S11 and S33 are in plane stresses
(parallel to interface) and S22 is the out of plane, through thickness stress. S22 is the direction of
the gas pressure loading. In all cases S11= S33 at the surface.

The same stress sensitivity analysis to CTE was conducted for the worst-case
coating with a conductivity of 1 W/mK and a density of 5000 kg/m3 shown in Figure 82.
Similar trends persist; however, the magnitudes of the stresses differ as a function of the
temperature field within the coating. For example, the higher K, rho coating has a higher
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interface temperature, as highlighted in Figure 80. The CTE mismatch stress for the low
CTE coatings is higher for this coating than for the best-case coating, due to the increased
interface temperature. Additionally, the negative temperature gradient during the intake
portion of the cycle is significantly reduced for this coating, and as such the tensile stresses
for higher CTE coatings during the intra cycle portion of the analysis are reduced compared
to the best case coating. This indicates that the higher the thermal effusivity (√Kρcp) of the
coating, the more critical the CTE mismatch stress and interface temperature become.
Inversely, the lower the effusivity of the coating, the more critical the negative temperature
gradients become.
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Figure 82: In Plane Stress Sensitivity to coefficient of thermal expansion for best case coating, K =
1 W/mK, rho = 5000 kg/m3, Cp = 580 kJ/kgK. A-F represents the stresses generated during the
warm up process for each CTE, G-L represents the stresses from the transient cycle for each CTE,
and the third row represents the stresses from the cool down process. S11 and S33 are in plane
stresses (parallel to interface) and S22 is the out of plane, through thickness stress. S22 is the
direction of the gas pressure loading.

To ensure that the mode switch methodology employed to capture the anisotropic
material behavior in tension and compression, the peak stresses for each coating case are
shown in Figure 83 for each section of the analysis when the mode changes. As a reminder,
the tensile model is used for the warmup step (first row), the compressive model is used
for the transient intracycle step, and the tensile model is used for the cooldown step, this is
shown by the color of the surrounding boxes, red for tension, blue for compression. The
failed locations are highlighted with red circles, and the uniaxial failure stress in tension is
shown by the red line. The only points of concern are for the high CTE, low thermal
conductivity, volumetric heat capacity cases, where large negative temperature gradients
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generated elevated tensile stresses during the intake portion of the intra cycle event. Failure
was predicted for these cases, i.e. tensile failure was found when the compressive model
was used, but it was found that failure was also predicted during the cool down step for
these same cases, which uses the tensile model. While not an ideal condition for this small
subset of cases, this effect encourages the development of a user defined material model in
future work to characterize both tensile and compressive models within one material
model, such that the mode switching is not necessary, and that these subset cases are
characterized correctly during the intra cycle portion of the loading history.

186

Figure 83: Peak Tensile and Compressive stresses for every coating case investigated in parametric
study. Each Row represents a different time period in the loading process, and the left-hand column
are tensile stresses, the right hand column is compressive stresses. The boxes represent the material
model used during each step, red for tensile, blue for compression.

The resultant stress states for the different coating formulations (k, ρcp) are of the
same functional form, just different magnitudes for each portion of the cycle analyzed in
the 3D block analysis. To evaluate the coating failure and simplify the visualization of each
case, the William Warnke yield surface was evaluated for each node within the TBC, at
each time point during the analysis. The maximum yield surface criteria value is
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determined and plotted as the variable of interest. The yield surface, as defined in equation
13, denotes failure when the variable F becomes greater than unity. Figure 84 shows the
maximum value for the yield parameter for each case evaluated in the parametric study
plotted as the color contour. The Y axis is the coefficient of thermal expansion for the
coating, and the X axis is the density. Each subplot represents a different coating thermal
conductivity. There are two regions of predicted or near predicted failure identified in the
parametric study. The tensile residual stresses from coatings with CTEs greater than that
of the substrate is shown the in upper portion of Figure 84. Additionally, there is a region
of potential failure for low CTE coatings with higher effusivity coatings, i.e. numerically
larger density and thermal conductivity combinations. For these higher effusivity cases, the
interface temperature is higher. Increasing the interface temperature increases the CTE
mismatch stress, and the minimum allowable CTE increases with poorer performing,
higher effusivity coatings. For coatings with thermal conductivity greater than 0.6 W/mK,
CTE values that are near or matched to the substrate are ideal to reduce the propensity of a
coating to fail. As the coating thermal effusivity decreases, the safest region for reduced
stress operation begins to shift towards lower CTE coatings. For the lowest conductivity
case, the region of lowest yield surface criterion is for coatings with a CTE between 4 and
10 PPM/K.
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Figure 84: Evaluated yield criteria for all models in parametric study Density is the x axis, which.
The Y axis is CTE, and the color contours are the maximum yield criteria over the entire cycle.
Each subplot represents a different coating conductivity. Values over unity are considered failed.
The thick black isolines indicate the cross over point. The upper region represents coatings that
failed from tensile residual stresses, while the higher conductivity low CTE failure region
represents tensile yield from CTE mismatch stresses at the interface.
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5.6 Discussion of failure Mode Regions
5.6.1 Interface strain mismatch failure
The CTE mismatch stresses at the interface are driven by a strain differential
between the substrate and coating, and an analytical elastic strain calculation can be used
to derive additional insights into this failure mode. Equation X outlines the interfacial
coating stresses as a function of the CTE of the coating, CTE of the substrate, Elastic
modulus of the coating, and temperature delta at the interface. Again, this delta will be
calculated from the deposition temperature to operating temperature, so temperatures
above 550K, or the neutral strain temperature, will be tensile for the coating.
𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ (∆𝛼𝛼∆𝑇𝑇)

(31)

Figure 85 shows the coating interface temperature effects on interfacial tensile
stresses for different coating CTEs. As the CTE mismatch becomes larger, the slope of
tensile stresses increases. For the limit case of a hypothetical coating with CTE = 0 PPM/K,
a temperature increase of only 70 degrees is enough to generate tensile stresses greater than
the typical failure stress of these coatings at operating temperatures. This is also in line
with the coating selection process for TBCs for gas turbines, where coating CTEs are
carefully selected to best match that of the substrate, as the temperature delta in a GT
application is on the order of hundreds of degrees.
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Figure 85: CTE mismatch stresses as a function of TBC CTE and the increase in operating
temperature from the deposition temperature.

5.6.2 Residual Stress Failure
The parametric sweeps for the residual stresses conducted in the validation section
highlighted the detrimental effect of increasing the TBC CTE to values over that of the
substrate. For the identified coating cases that failed during the initial residual stress cool
down period (CTE > 15 PPM/K) the yield surface was leveraged to understand the
sensitivity of the deposition temperature and CTE on the onset of failure. Figure 86
highlights the yield surface criterion value as a function of deposition temperature and
coating CTE.
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Figure 86: Failure surface evaluated as a function of deposition temperature and coefficient of
thermal expansion for the residual stress cooldown step, the assumed deposition temperature used
in the parametric study is shown with the dashed black line.

5.7 Summary, Insights, and Conclusions
5.7.1 Context
A literature review identified that modeling thermal barrier coatings in an IC engine
context can leverage many if not all the material models developed for thermal barrier
coatings for gas turbines. The confounding issue is how to identify the material models
from the gas turbine literature that are relevant in an IC engine context. In contrast to a gas
turbine environment, where the only transients are during the startup, cooldown, and load
changes, the IC engine thermomechanical cycles TBCs ~10-30 times per second. The heat
transfer phenomenon is transient, and the target of the TBC is to dynamically change the
surface temperature to track that of the in-cylinder gas temperature. The thermophysical
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properties of a coating affects the temperature swing dynamics, the temperature gradient
through the coating, and the interface temperature, which all ultimately affect the stress
state of the coating.
The current state of thermal mechanical modeling of TBCs for IC engines is
fragmented, with studies investigating specific aspects of TBC failure mechanisms, such
as interfacial roughness, or thermal gradient and CTE mismatch stresses, as well as
modeling specific TBC materials or aspects of the thermal barrier coating in service
conditions, such as steady state operating temperatures, or intra cycle transients. Difficulty
arises in developing a phenomenological model for coating failure in an IC engine context
as the assumptions made between different studies varies significantly. A holistic approach
to modeling thermal barrier coatings with relevant material models and complete stepwise
progression of a coating from deposition to in service operation had not been conducted.
In this work, critical material sub models were developed and validated to ensure all first
order critical responses were accurately captured within the model. This included
developing an elastic plastic material model that accurately represents the anisotropic
elastic modulus in tension and compression, as well as the nonlinear material stiffness
(plasticity) with small strains in tension. Furthermore, the initial state of stress from the
material deposition process was modeled to ensure that when studying the effect of varying
coefficient of thermal expansion, the residual stress from the mismatch in CTE between
the TBC and substrate was captured accordingly. Finally, a failure model was adapted from
literature to capture the nonlinear yield stresses in tension and compression for the technical
ceramics of interest in this study. A modified William Warnke 3 parameter model was
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calibrated to experimental data for 8% stabilized Yttria Stabilized Zirconia to predict the
stress states that would lead to the anisotropic ultimate yield of the ceramic either in tension
or compression. The validated sub models were then integrated into a simplified 3D block
model to investigate the sensitivity of coating stresses and potential failure of a coating as
a function of the coating thermal conductivity, volumetric heat capacity, and coefficient of
thermal expansion. The model was developed to follow the entire progression of the
coating stress states from the coating deposition process, through engine warm up, a
detailed full load intra cycle was modeled, and then subsequently an engine shutdown/cool
down process was modeled. With this methodology, the coating thermophysical property
effects on the in-service temperatures at the interface and temperature swing effect of these
coatings can be captured in the context of coating stresses and potential for failure. Specific
life cycle effects such as sintering, phase change, or thermally grown oxides were
neglected, as were specific geometry effects such as interface morphology and substrate
curvature. Substrate curvature is investigated in the following chapter.
5.7.2 Findings - Residual Stress Modeling
The analytical model for residual stresses by Tsui and Clyne was utilized in this
work [115]. An initial sensitivity study of the coefficient of thermal expansion, coating
deposition temperature, and coating elastic modulus was conducted to understand the
magnitude and tensile vs compressive nature of the residual stresses. It was found that:
•

The residual stresses are a function of two types of stresses, an initial
‘quench’ stress associated with the particle impingement and solidification,
as well as the cool down stresses, associated with the CTE mismatch strain
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between the coating and the substrate as it cools from the deposition
temperature.
•

For TBCs with CTEs less than that of the coating, the overall residual
stresses are compressive. The largest CTE mismatch, approximately 13
PPM/K generated a residual stress on the order of -100 MPa.

•

TBCs with CTEs greater than the substrate generated residual stresses that
were tensile. Coatings with a CTE mismatch larger than 3 PPM/K generated
tensile stresses that would lead to uniaxial tensile failure.

•

The deposition temperature is directly correlated with the cool down
stresses. Increasing the deposition temperature led to higher compressive
stresses.

•

The elastic modulus also affected the residual stresses. Coatings with higher
elastic moduli were more sensitive to positive CTE mismatches (CTE TBC
> CTE substrate).

5.7.3 Findings - Intra Cycle Modeling
The 3D block model was used to investigate the sensitivity of the coating stress
states to thermophysical and mechanical properties of TBCs in an IC engine context. It was
found that:
•

CTE mismatch stresses arise when the coating operating temperature exceeds that
of the deposition temperature, the larger the delta in CTE, the larger the tensile
stresses.
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•

A poorer performing coating (higher conductivity or density) is more likely to fail
if it has a low CTE, as the interface temperature increases with higher effusivity.

•

Stresses generated during a firing engine cycle are by majority compressive for
CTE coating < CTE substrate. The positive temperature gradient introduces
compressive stresses at the surface.
o The higher the coating CTE, the larger the compressive stresses are through
the thickness of the coating.
o The interface stress will always remain at the mismatch stress regardless of
the compressive states of the coating during a transient cycle. This stress is
only a function of the ΔCTE and interface temperature.

•

The in-plane stresses (parallel to the interface) are equivalent in the principal axes,
and induced by CTE strains (temperature or mismatch driven) while the out of plane
stresses are either Poisson ratio driven or due to compressive forces from the in
cylinder gases.

•

During combustion for coatings with CTEs between zero and matched with the
substrate, the stresses at the coating surface are nearly always compressive in all
three principal axes.

•

Other than CTE mismatch stresses at the interface, there are two potential failure
mechanisms.
o CTE coating > CTE substrate, and coating fails during application process
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o Negative temperature gradients where the coating surface temperature is
lower than the substrate. This stress state has larger tensile stresses at the
surface compared to the interface.
5.7.4 Reliability Insights:
•

Coating CTEs > CTE of the substrate creates a non-ideal stress state and can
quickly lead to coating failure during the application process.

•

For low CTE coatings interface temperature is the driving source of tensile stresses
and therefore the limiting factor for coating reliability. Poorer thermal performance
coatings (higher effusivity) exacerbate this effect.

•

For better performing coatings (lower effusivity), there are critical stresses that can
lead to failure from either too high or too low of a coating CTE. Too high of a
coating CTE does indeed reduce CTE mismatch stresses but increases negative
temperature gradient stresses during transient cooldown steps. Lower CTE coatings
increase the risk of interface temperature driven CTE mismatch stresses leading to
failure.

•

Increasing the coating deposition temperature and therefore the residual
compressive stresses assists with both the low CTE (mismatch driven) failure
modes, as well as the high CTE negative temperature gradient failure modes, as the
compressive stresses essentially provide a negative offset where the coating must
generate additional strain before reaching the yield point.
The map of next generation coatings from previous sections is again revisited to

add to the current understanding of desired thermophysical properties for next generation
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coatings. The failure modes identified in this work are overlaid atop the CTE vs. thermal
conductivity in Figure 87. Additionally, the sensitivity of the failure modes is highlighted
by the red arrows, indicating the direction of the failure mode in regard to boundary
conditions. For example, the CTE mismatch stress failure region will expand to higher
CTEs as the interface temperature at operating conditions increases. The failure modeling
from this section identified that for higher conductivity coatings, a CTE close to that of the
substrate is ideal to reduce CTE mismatch stresses, while as the conductivity is decreased,
the ideal CTE is reduced to move away from the negative temperature gradient stresses
that arise from the increased temperature dynamics during gas exchange cooling and
engine shutdown.

Figure 87: Phenomenological Failure modes overlaid atop potential next generation coatings. The
main failure modes identified, residual stresses for high CTE coatings, CTE mismatch for higher
thermal conductivity, low CTE coatings, and negative temperature gradient failure for low
conductivity, higher CTE coatings are shown via red boxes. The green zones highlight the regions
where the failure model predicted the lowest yield criteria.
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Future work will include the development of a user material to permit fully anisotropic
behavior without the need to transition between material models at points of
approximately zero stress.
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CHAPTER 6:
INTEGRATING CFD/FEA CO-SIMULATION AND THERMAL MECHANICAL
MODELS FOR FULL SPATIAL RESOLUTION OF COATING STRESSES
The guidance from chapter 5 identified that the critical stresses that can lead to
coating failure are thermophysical property specific, higher thermal conductivity coatings
require a CTE that is closely matched to that of the substrate, whereas lower conductivity
are less prone to failure if the CTE is reduced to between 5-10 PPM/K. The simplified
geometry analysis used a 3D block model and did not incorporate two key aspects, i) the
spatial variation in imposed heat flux at the surface of the TBC, and ii) the substrate
geometry/curvature. This work incorporates and leverages the models developed in
Chapter 5 with the increased fidelity of the full piston geometry, as well as the complete
Spatio-temporally varying boundary conditions from Chapter 4.
In this work, the two coatings that were experimentally investigated in the Detroit
Diesel single cylinder engine in Stuttgart Germany were modeled. The two coatings
represent two of the failure mode cases identified in Chapter 5. The Gadolinium Zirconate
case is a higher conductivity/effusivity coating with a higher CTE, whereas the generation
3 coating is a low conductivity, low CTE coating. These two coatings were predicted to
have different critical stress mechanisms. Gadolinium Zirconate is much closer to the
negative temperature gradient/residual stress failure mode, while the generation 3 coating
is more likely to suffer from CTE mismatch stresses at the interface. These two cases will
allow a deeper investigation of the failure modes with the added fidelity of the spatially
and temporally varying boundary conditions, as well as stress concentration effects from
the full diesel piston geometry.
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6.1 Model Set up
All of the material feature models developed and validated in the simplified block
model were implemented into the co-simulation framework to predict a thermo-mechanical
(TM) loading on a coating applied to a representative engine piston. The temperature field
from the thermal analysis was mapped to the TM model. Mechanical forces from the
combustion gasses were applied, and mechanical restraints for the liner, and wrist pin were
implemented. To investigate the coating stresses, a holistic approach is taken, modeling
relevant engine conditions in a sequential order to examine the logical progression of
coating stresses. To begin the initial state of stress from coating deposition is modeled.
Next in sequence, the engine start and warmup was modeled using a super cycled temporal
approximation of heat flux to reach the steady state operating temperature. The warmup
model is initialized at room temperature and cycle simulations continued until steady state
operating conditions are reached. A high-fidelity full load intracycle simulation of loads
and stresses was modeled, then setup to provide a detailed picture about the potential risk
to induce failure modes during regular engine operation. Finally, a cooldown step was
modeled to capture negative thermal gradient stresses over time.
The 3D model used in this work is a modified version of the model developed in
chapter 4. The diesel piston, representative of modern designs for HD diesel applications,
was modeled in ABAQUS using a sequential thermal mechanical analysis. The heat
transfer step is run first, and the nodal temperatures are subsequently mapped to a stress
model that uses the same base geometry and load steps, but with different element type and
altered solver methodology. The piston geometry was sectioned into 16 ‘pie slices’ such
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that during the meshing procedure, nodes are placed radially outward along the major axes
of the injector plumes and between plumes. During post processing this allows for nodal
data extraction along the path of the major and minor heat flux impingement locations, i.e.
the locations experiencing the highest and lowest local heat fluxes. For the mechanical
model the piston substrate consists of 167,243 C3D10 quadratic tetrahedron 3D stress
elements. A shell element formulation was applied to the piston crown to represent the
coating, using STRI65 elements, a 6 node quadratic thin shell stress element with five
degrees of freedom. The crown consists of 12,956 element faces, and the shell formulation
shares all the nodal points on the crown surface. The shell section utilizes Simpson’s
integration to calculate the through thickness degrees of freedom variables, namely strain.
Nineteen integration points were utilized within the shell, equivalent to a 5 micron
resolution for the 100 micron thick coating. The piston geometry with the shell element
application is shown in Figure 88. The thermal boundary conditions for both the piston
crown and backside boundary conditions are the same as in the model in chapter 4. For the
mechanical model, the material feature models from chapter 5 were applied to the TBC
coating. Namely, the elastic plastic material model, the residual stress, and finally the
William Warnke failure surface were utilized to evaluate potential failure of the coating.
The mechanical boundary constraints were established to replicate the kinematic
constraints of the crank slider mechanism, namely fixed displacement at the wrist pin
surfaces, as well as a rotational constraint on the second land of the piston to represent the
sliding contact between the piston and the liner.

202

Figure 88: Piston Geometry used for thermal mechanical stress model.

6.2 Model Initialization, Thermal and Mechanical Loading Steps
The same loading cycle from chapter 5 was applied to the full spatial resolution
models, in the same progression. For the sequential analysis, a heat transfer and mechanical
model are run in series, with the thermal field mapped from the heat transfer analysis to
the mechanical stress analysis. The boundary conditions for both models are given in the
following section, as they both follow the same stepwise loading. Any heat transfer
boundary conditions are modeled in the heat transfer analysis, while any references to
mechanical boundary conditions or stresses are captured in the mechanical model. The
interfacing steps are as follows:
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6.2.1 Step 1: Application of Residual Quench Stress
The Quench stresses associated with the CTE of the two materials, the coating and
the substrate are calculated from the analytical Tsui and Clyne model [115], then imposed
as an in-plane (parallel to surface) initial stress for the shell elements that make up the
ceramic.
6.2.2 Step 2: Initialization at ‘Zero Stress’ State
As discussed in chapter 5, for coating formulations with CTEs < CTE of the
substrate, the cooldown stresses that form in the coating are compressive. Chapter 5
identified that the cooldown process is completely elastic, and therefore the cooldown and
ramp up to operating temperature is a non-necessary step to capture any plasticity. Rather,
the model can be initialized at the assumed coating application temperature, which is
equivalent to it’s zero cooldown stress state, where the only stress that exists in the coating
is from the initial quench stresses. For this step, the piston and the coating are initialized at
550 K.
6.2.3 Steady State Engine Warm up
The steady state thermal model temperature fields are mapped over to a steady state
stress analysis step in the mechanical model to understand how the evolution from the
application temperature to the operating temperature of the coatings affects the stresses.
The worst-case operating condition is selected as the condition of interest, namely 1000
RPM, full rated load. For the 6-cylinder production engine, this load is in excess of 25 bar
IMEPn. No additional mechanical loads are imposed during this step, as the intention is to
develop the thermal stress field within the coating before the intracycle calculations. The
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field variable is set so that the material model in this step uses the tensile material model.
The thermal field and stress concentrators in this step generate tensile stresses, so the model
captures the relevant behavior.
6.2.4 Intra Cycle Loading
The fully spatial and temporal thermal boundary conditions (CA resolved) are
applied in the heat transfer model to predict the temperature field in the coating. The
temperature field is then passed to the mechanical model, and mapped temporally and
spatially. The gas pressure loading was applied as a mechanical load on the surface of the
TBC. In this step, the field variable for the material models is set so that the compressive
model is used, as the stresses are compressive in nature.
6.2.5 Cooldown Step
Finally, a cooldown step was applied to represent and engine shutdown. The same
heat transfer coefficient and gas side temperature were used for all the backside boundary
conditions on the piston, with the exception of the oil gallery, which was reduced down to
the value of the inner bowl, noted in chapter 4. The initial negative temperature gradients
that are imposed on the piston generate tensile stresses for higher CTE coatings, so the first
30 seconds of this step use the tensile model, after this, when the coating reaches a quasisteady cooldown rate, the model switches to the compressive material model, as the stresses
become dominated by CTE mismatch residual stresses. For both cases examined in this
section, the CTE mismatch will generate compressive stresses in the coating, so the
compressive model must be used to avoid artificial tensile plastic strain during the
cooldown to room temperature.
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6.3 Modeling Overview
Two piston coatings were investigated to better understand the two key failure
modes identified in chapter 5. The original Gadolinium Zirconate material investigated in
chapter 4 will be used as a representative case of a current generation TBC with a typical
CTE near 10 PPM/K. This case is meant to investigate the failure modes associated with
negative temperature gradient. Secondarily, a proprietary TBC developed by Solution
Spray Technologies, Clemson’s partner in the joint project funded by Daimler Trucks and
the DoE, that has better thermophysical properties and a much lower CTE is investigated
to understand the interfacial CTE mismatch stresses. The additional fidelity of the full
piston model will provide insights into stress concentration affects that are incurred from
the substrate geometry (curvature) as well as spatial variation in heat fluxes. The material
properties for the two coatings investigated in this section are provided in table 8.

Table 8: Thermophysical properties of thermal barrier coatings investigated in Full 3D piston
Model

Material

Thermal Conductivity

Density

Specific Heat

CTE

[W/mK]

[kg/m3]

[kJ/kgK]

[PPM/K]

0.702

5850

430

10.4

0.312

2889

615

3

Gadolinium
Zirconate
Generation 3 TBC
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6.4 3D Stress Predictions – Steady State Engine Warm up
6.4.1 Operating Temperature Effects – Gadolinium Zirconate
The Gadolinium Zirconate case from chapter 4 was evaluated first. This TBC
formulation represents the current generation of coatings that have been investigated in
several experimental campaigns for a Diesel engine [120], as well as advanced combustion
modes, as part of the previous effort at Clemson AUE funded by the NSF/DoE partnership
on advanced combustion engines [38]. The thermophysical properties for Gadolinium
Zirconate place it firmly in high thermal effusivity range (~1300). The analysis in chapter
5 showed that for coatings with similar thermophysical properties, the safest region of
operation is for coatings with a CTE that was close to that of the substrate. Gadolinium
Zirconate is within 3-4 PPM/K of the substrate, so it falls within the preferred range for
CTE. In this CTE region, the model indicated that negative temperature gradients are of
far greater concern than CTE mismatch stresses. The model from chapter 5 was evaluated
for this coating and did not predict failure from the 1D thermal gradients that were
predicted. In the 3D model, however, in plane thermal gradients and substrate geometry
effects may lead to increased tensile stresses in the coating. The substrate geometry effects
can be broken down into two categories, namely i) substrate curvature that gives rise to
stress concentration, and ii) localized piston (substrate) deformation from operating
condition induced strain. The latter is a function of the piston design and deformation of
the piston from thermal and mechanical loads.
Figure 89, replicated from chapter 5 highlights the regions on the yield criteria map
occupied by the Gadolinium Zirconate and Generation 3 coatings modeled using the
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simplified model. According to that model, neither of the coatings were predicted to fail.
Revisiting the conclusions drawn from that analysis, A Gadolinium Zirconate type coating
was predicted to suffer from negative temperature gradient driven tensile stresses that could
lead to failure, while a Generation 3 type coating was far more susceptible to the CTE
mismatch stresses leading to failure.
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Figure 89: Coatings evaluated in this section compared against the yield surface criteria evaluation
from Chapter 5. The Generation 3 coating is shown on the top two subplots, as the conductivity for
this coating falls between the conductivity spacing for each subplot. Gadolinium Zirconate is shown
in the third and fourth subplot for the same reason.
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Figure 90 shows the interface temperature, surface temperature, and in plane
principal tensile stresses for the steady state step. Note that the red color in the stress
contour denotes stresses above the failure stress of Gadolinium Zirconate at 600K. At the
interface there is a stress concentration effect from the tight concave radius of the bowl.
The larger radius convex bowl lip and concave bowl valley do not show these effects,
indicating that the significantly smaller radius of the bowl step is driving the stress
concentration. Additionally, there are two locations of increased tensile stress within the
bowl center, although these are predicted to be ~40% under the failure stress of Gadolinium
Zirconate. These locations run in line with the wrist pin major axis and are therefore
postulated to be an effect of the piston geometry deformation to thermally induced strains
during the ramp to operating temperature.
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Figure 90: Steady state Gadolinium Zirconate full load A) interface temperature between the TBC
and substrate in Kelvin B) in plane principal tensile stresses at the interface in Pascals C) the
surface temperature of the TBC in Kelvin and D) the in plane principal tensile stresses at the
surface of the TBC.

There is also a section of increased tensile in plane principal stresses in the top right
quadrant of the interface. The scallop in the geometry is an exhaust valve cutout for extra
clearance between the moving components of the engine. In this region the oil cooling
gallery is closer to the surface of the piston, which increases the cooling locally and reduces
the stiffness of the component in this location. The cooling and reduced thickness in this
region creates a tensile strain from piston deformation. This is shown in Figure 91, which
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highlights the temperature gradient as well as the increased tensile stresses in the piston for
the exhaust valve cutout region. The local strains from the temperature gradient as well as
the deformation of the entire piston from thermal strains lead to increased tensile strain due
to the reduced cross-sectional thickness in this region. The increased tensile strains at the
surface of the piston lead to the increased tensile stresses that are observed in the coating
at the interface, which was seen in Figure 90.

Figure 91: Steady State piston A) temperature in Kelvin, B) Maximum principal stresses in pascals
for the piston, where positive stresses indicate tension and negative stresses indicate compression.
The elastic modulus for the piston is 10x larger than the coating, so the stresses are an order of
magnitude increased compared to the coating for the same strain at the interface.

6.4.2 Operating Temperature Effects – Generation 3 Coating
The Generation 3 coating shows similar geometric stress concentration effects as
the Gadolinium Zirconate case. The tight radius concave lip from the outer squish region
into the bowl lip increases the tensile stresses, as shown in Figure 92. However, the exhaust
valve cutout tensile stresses are not observed. The interface temperature for the exhaust
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valve cut out surface is on the order of 50K below the deposition temperature, and therefore
has a residual compressive strain. The geometric strain effect from piston deformation is
tensile, however the residual compressive strain within the Generation 3 coating is of a
larger magnitude due to its low CTE, hence offsetting the impact of the piston
deformation/tensile strains. In fact, for all but the small radiused edge between the bowl
and squish region, the maximum in plane tensile stress is less than 1 MPa, due to the
compressive residual stress. This exemplifies the trends identified in chapter 5, reductions
in the thermal conductivity of the coating reduce the interface temperature, and therefore
lower CTE coatings can maintain beneficial compressive stresses if the interface
temperature is below the deposition temperature.
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Figure 92: Steady state low CTE coating at full load A) interface temperature between the TBC
and substrate in Kelvin B) in plane principal tensile stresses at the interface in Pascals C) the
surface temperature of the TBC in Kelvin and D) the in plane principal tensile stresses at the
surface of the TBC.

6.4.3 Transient Stresses – Intra-Cycle Effects – Gadolinium Zirconate
The transient effects of the combustion heat flux event were investigated in chapter
5 with a simplified 1D model, finding that the positive (surface – substrate) temperature
gradients during combustion generated compressive stresses, while negative temperature
gradients induced tensile stresses. In the 3D model there exists potential for the negative
temperature gradients to exist both in plane and out of plane. The in-plane principal stresses
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are plotted in Figure 93 for the surface (left) and interface (right). Each row represents a
different time point during the transient cycle, with the exact time point in crank angle
degrees labeled in the lower left-hand corner of each plot, denoted by the increment
number. Every 180 degrees is plotted along with the maximum tensile principal stress time
point in sequence. The surface reaches its largest tensile principal stress near bottom dead
center of the expansion stroke, or 530 CAD (170 aTDCf). The interface exhibits the large
tensile stresses at the exhaust valve cutout over the course of the cycle, however the stress
increases during the compression stroke, and additional large tensile stresses begin to form
around the toroidal bowl during peak heat flux (CAD 371, or 11 dATDCf), as well as in
the squish region, along the wrist pin axis. As denoted earlier, the stresses at the exhaust
valve and toroidal bowl are effects of the deformation of the piston itself due to thermal
strains.
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Figure 93: Surface (left) and interface Maximum principal stresses for the Gadolinium Zirconate
case every 180 crank angle degrees during the cycle, with the maximum tensile stress state
included in sequence. The surface exhibits maximum tensile stresses in plane at 180CAD, or
bottom dead center before compression, and the interface exhibits maximum tensile stresses at
370 CAD, or 10 degrees after top dead center firing.

6.4.4 Transient Stresses – Intra-Cycle effects – Generation 3 Coating
The same methodology employed for the Gadolinium Zirconate coating case was
employed for the Generation 3 coated case. To reiterate, the generation 3 coating is a low
conductivity, low CTE coating. The maximum principal tensile stresses are plotted in
Figure 94 at each 180 crank angle degrees long with the maximum in plane principal tensile
stress for the surface and interface plotted sequentially in time. The substrate reaches a
maximum principal tensile stress at 370 CAD or 10 dATDCf. This is the same timepoint
as the Gadolinium Zirconate case, indicating that the interface is not only dominated by
the interface temperature/CTE mismatch strain effect, but also the local strains induced by
substrate deformation from the heat flux loading (combustion). Again, the largest stresses
are seen at the exhaust valve cutout, with a significantly reduced (compared to Gadolinium
Zirconate) region of tensile stresses on the squish region along the wrist pin axis. The trends
in the valley of the bowl are reversed as well, with the low CTE case showing increased
tensile stresses in this region, while the Gadolinium Zirconate case showed reduced tensile
stresses, compared to the respective maximums.
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Figure 94: Surface (left) and interface Maximum principal stresses for the generation 3 coating every
180 crank angle degrees during the cycle, with the two maximum tensile stress states included in
sequence. The surface exhibits maximum tensile stresses in plane at 530CAD or 170 d ATDCf, and
the interface exhibits additional tensile stresses around the toroidal bowl peak during peak
combustion. This is postulated to be the effects of substrate deformation from thermal loads.

6.5 Failure Surface Evaluation for Full Piston Models
The previous section identified spatial and temporal trends in the tensile stresses
for the Gadolinium Zirconate and Generation 3 coatings, providing insights into the
localized stress concentration effects of the full 3D piston model. However, to quantify the
potential for failure, both TBC cases were evaluated using the same failure surface
methodology developed and shown in chapter 5 to identify nodes within the TBC that meet
the failure criteria based on the yield surface analysis. The exhaust valve cutout quadrant
contained all of the locations of maximum tensile stresses, so the failure criteria was
evaluated only for this ¼ piston section. Figure 95 shows the maximum value of the failure
criteria evaluated for all of the nodes within the quarter quadrant on the surface (Figure
95A) and at the interface (Figure 95B) for the gadolinium Zirconate case. Red locations
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indicate nodes that exceed the failure criteria. The Gadolinium Zirconate case predicts
failure of the coating along the small concave radius of curvature between the bowl step
and the squish region at both the interface and surface. There is also additional locations at
the interface on the exhaust valve cut out region that are predicted to fail. There are
additional zones of high failure criteria at the lower bowl region. Figure 96 shows the same
analysis conducted for the generation 3 coated piston, there were no predicted failure
locations for the surface of the TBC, however there were predictions of failure along the
same radius of curvature as the Gadolinium case.
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Figure 95: Maximum Failure criteria evaluated for each node over the entire time history for the
Gadolinium Zirconate case. Red dots indicate nodes that experience stresses that exceed the failure
criteria. A) nodes on the surface of the TBC, and B) nodes at the interface of the TBC. Failure points
can be seen at the surface and interface of the TBC along the tight radius step between the squish
region and the bowl. There are additional predicted failure locations along the exhaust valve cut out
at the interface of the TBC and substrate.
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Figure 96: Maximum value of the Failure criteria, evaluated over the entire time history of the
loading cycle for the generation 3 coating for A) surface of the TBC and B) interface of the TBC.
Red dots indicate locations where the failure criteria exceeded the threshold value. Failure was
predicted at the interface between the TBC and the substrate at the small radius of curvature
between the bowl and squish region. The low CTE of the generation 3 coating indicates that CTE
mismatch stresses, coupled with stress concentration effects from the curvature of the substrate led
to predicted failure. There is also increased values of the failure criteria in the lower bowl region
of the piston.
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6.6 Comparison of Predicted Failure Locations to Experimental Observations
For the coatings investigated in the study, both were tested experimentally in a
single cylinder research engine, the same one outlined in chapter 3. This was a benefit of
the collaborative project carried out by the Clemson group and the two Daimler Truck
R&D groups, one in Redford, MI and another in Stuttgart, Germany. The team in Germany
was responsible for all single-cylinder testing, to validate predictions of the co-simulation
framework and experimentally quantify the efficiency gains. In addition, while the longterm durability testing was not commissioned, the 150+ hour test runs at high speed and
load points was intended to provide a glimpse into coatings resilience and potential for
durability. It is worth noting up front that none of the coatings failed during the tests in
Stuttgart. However, some local effects were noticed, and that provide valuable opportunity
to assess the accuracy of the predicted risks of failure, at least in the qualitative sense. The
piston bowl geometry was slightly modified to refine the shape of the bowl lip according
to the results of the CFD based combustion optimization, so it is not strictly a direct
comparison, however the major dimensions of the piston design did not change. The
diameter, the oil cooling gallery location and geometry, underlying structure geometry
(wrist pin shoulder, crown thickness, etc.), all remained the same.
For the Gadolinium Zirconate coated piston, cracks in a seal coat applied to the top
of the TBC were found near the small diameter concave radius between the squish region
and the bowl lip, as shown in Figure 97. The very same regions were predicted to be at risk
to fail for the piston modeled in this chapter. Additionally, for a piston tested without the
seal coat, large cracks were found in the piston bowl, running circumferentially around the
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center of the bowl. These are in the same region as the increased tensile stresses (40% of
ultimate stress) from the piston deformation due to thermal strain in the steady state
simulation step.

Figure 97: Cracks found in a Gadolinium Zirconate coated Diesel piston. A) shows cracking in the
concave radius between the squish region and the bowl lip. The piston shown in A had a 10micron seal coat applied to seal open porosity on the surface. B) shows the circumferential cracks
that propagated near the center of the toroidal bowl.

On the Gadolinium Zirconate coated piston, a crack was also identified running
along the same path as the high tensile stresses identified in the model in the exhaust valve
cutout. The crack, and an overlay of the crack path is highlighted in Figure 98, with the
predicted zones of failure from the William Warnke Failure analysis replicated below for
comparison.
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Figure 98: Crack formation found on exhaust valve cutout for the Gadolinium Zirconate
coated piston. A) overlay of crack location. B) raw image of crack. C) replication of the
William Warnke Failure criteria for the Gadolinium Zirconate coating interface for
comparison.
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For the Generation 3 Coated piston, small spallation chipping failures were found
in the lower bowl of the piston, shown in Figure 99. Small spallations were found after the
180 hours of testing and the majority of locations of the spallation failure align with the
locations of maximum principal stresses and predicted failure locations. These spallation
cracks are near the predicted zone of increased tensile stresses from the steady state as well
as the transient intracycle steps at the interface, indicating that the CTE mismatch stresses
in this region, as well as geometric effects caused high in plane tensile stresses. One
additional caveat with this location of failure arises from the plasma spray process. The
adhesion strength of a coating applied on a substate is correlated to the angle of the spray
impingement during the coating process, deviations from a perpendicular spray will reduce
the adhesion strength of the coating to the substrate. Significant effort went into developing
the plasma spray gun trajectory for the coating of these pistons to maximize the amount of
coating applied perpendicularly to the surface however the lower bowl region was the most
difficult area and required some compromises. Coupled with the predicted higher tensile
interfacial stresses and the likelihood of reduced mechanical bond strength, it is postulated
that even though the William Warnke model did not predict ultimate failure in these
locations, the reduced mechanical bonding possibly reduced the maximum tensile stresses
needed to lead to failure. When all the observations of the coating surfaces after 150+ hours
of engine testing are taken together, the strong correlation emerges between the predicted
locations where critical stresses occur and the experimentally observed micro-cracks and
initial spallation. Therefore, the experiments reinforce the validity of the approach used to
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understand the stresses within the coating and the associated failure mechanisms, as well
as predict localized regions where coating failure may occur under real world conditions.

Figure 99: Spallation Chipping found in the lower bowl radius of the Generation 3 coated piston.
Where A) shows the William Warnke failure criteria for the Generation 3 coating interference,
replicated for comparison and B) localized spallation chipping for the generation 3 coating.

6.7 Summary
In this work, the high-fidelity co-simulation coupling of CFD and FEA was
extended to map the predicted temperature fields for a thermal barrier coating in an IC
engine environment into a thermal mechanical model to predict the coating stress states.
The material models developed in chapter 5 were leveraged to capture the physical
response to the strains generated by thermal and mechanical loads imposed on a diesel
piston. The relevant load history was applied to capture the progression of stresses though
the initial lifetime of a TBC, namely from the coating application process through to the
first engine start up and ramp to operating temperature, followed by one operating cycle at
fully warmed up conditions, and finally a cooldown procedure. The insights into failure
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modes generated from the parametric study in chapter 5 were used to guide discussion on
the stress states in the coating and expand on additional mechanisms that can lead to failure.
It was found that:
•

Geometric effects from the piston bowl design lead to stress concentration effects
along small radius, concave surfaces.

•

The piston design and its inherent deformation in response to mechanical and
thermal strain generated additional stresses withing the coating that were not found
in the parametric study using a simplified model.

•

For the Gadolinium Zirconate case, i.e. a coating characterized by relatively high
conductivity, effusivity, and CTE:
o A higher conductivity, volumetric heat capacity coating reaches a higher
interface temperature than a lower combination of the two variables. The
increased temperature at the interface increases the tensile stresses from the
small but non negligible CTE mismatch.
o The higher CTE of Gadolinium Zirconate meant the coating had less
residual stresses, even with an interface temperature less than the deposition
temperature, and less ability to accommodate for the geometric or
deformation strains imposed by the 3D piston model.
o The William Warnke model predicted the onset of failure in the locations
where the stress concentration effects, or large piston tensile deformation
occur.

•

For the Generation 3 TBC, i.e. the low effusivity, low CTE coating:
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o A better performing coating, with a lower conductivity and low volumetric
heat capacity reduces the interface temperature compared to those observed
in the GdZr case, and in the case modeled here brought the interface
temperature below the assumed deposition temperature. Therefore, the
residual stresses were still compressive, and due to the larger CTE
mismatch, the absolute values of higher compressive residual stresses were
much higher than the Gadolinium Zirconate case.
o These compressive stresses aided in abating the deformation and geometric
stress concentration effects found in the 3D piston model.
•

The stress states in the Gadolinium Zirconate piston were compared to an
experimental campaign designed to primarily validate the predictions of the heat
loss reductions and improvements of the efficiency gains, but also to provide an
initial assessment of coatings resilience and potential for durability. Typical
duration of the experimental campaign was in excess of 180 hours, and none of the
coatings failed during that period. However, local initial cracking and spallation
was observed, and that provide a valuable opportunity to validate the predictions of
the 3D model, at least qualitatively. The failure onset locations indicated by the
William Warnke failure surface correlated well with the localized spallation and
cracking seen on the pistons tested in the real-world engine, lending credence to the
predictions of the modelling framework developed in this dissertation.
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CHAPTER 7:
CONCLUSIONS AND SUMMARY OF ORIGINAL CONTRIBUTIONS
7.1 Summary and Conclusions
Thermal barrier coatings have been shown in the literature experimentally and
through simulation to reduce heat transfer losses for a variety of combustion modes, to vary
degrees of success. In particular, there is a lack of concrete guidance in the previously
published work regarding the systematic way to tailor the coating thermal properties for
maximizing the heat rejection reduction and efficiency benefits, as well as the lack of
understanding of the key failure mechanisms for TBC in an IC engine application. In this
work a variety of methodologies and simulation tools with the required level of fidelity
were developed to investigate the impact of thermophysical and mechanical material
properties of technical ceramics on their ability to reduce heat transfer, as well as to
quantify stresses within the coatings and characterize critical failure modes for these highly
anisotropic materials. The findings and insights are presented first, and the summary of
original contributions follows.
•

Thermal effusivity, (the square root of the product of thermal conductivity and
volumetric heat capacity) was identified in the analytical solution as the parameter
that defines a materials ability to generate a ‘temperature swing’.

•

While temperature swing is necessary to reduce heat transfer, it was found that
materials with equivalent thermal effusivity could reduce heat transfer losses to
differing degrees, i.e. thermal effusivity is not a perfect metric for a coatings ability
to reduce heat transfer losses. Whether it is predominantly thermal conductivity or
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volumetric heat capacity that reduced thermal effusivity makes a difference on
reducing heat transfer losses.
•

For coatings with thermal effusivity lower than 1000, a reduction in thermal
conductivity reduced heat transfer losses to a higher degree than the equivalent
reduction in volumetric heat capacity, and an exponential trend is observed as the
effusivity decreases further, towards extremely low values.

A merit function methodology was developed to investigate the effects of
thermophysical properties on a coatings ability to reduce heat transfer losses. Experimental
data for 16 speed load points were used to tune and validate a 0D thermodynamic model
that was coupled to a 1D finite difference solver to predict the temperature dynamics of a
thermal barrier coating applied to surfaces in the combustion chamber. A parametric sweep
of coating conductivity, volumetric heat capacity, and coating thickness was conducted, it
was found that:
o With heat transfer reduction as an objective, coatings with lower
conductivities and volumetric heat capacities were able to reduce heat
transfer losses to a larger degree.
o Reductions in thermal conductivity were more effective at reducing heat
transfer losses than reductions in volumetric heat capacity. In addition,
lowering the thermal conductivity of a coating reduces the penetrative
depth, thus enabling application of thinner TBCs, e.g. down to 100 microns.
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o Heat transfer reduction was negatively corelated with engine speed and
load, i.e. heat transfer reductions were higher at low speeds and loads. The
effect to speed was much more pronounced than to engine load.
A high-fidelity co-simulation methodology was developed that linked 3D
Computational Fluid Dynamics with Finite Element Analysis. The asynchronous cosimulation methodology yields realistic boundary conditions for both the gas-side and
piston TBC surface, in an iterative scheme. The models were validated for the baseline
metal cases at a full load and representative road load. The CFD model was validated to
experimental data (in cylinder pressure, heat release, etc.) and the FEA was validated to
experimental temp plug measurements.
•

The Co-simulation routine found that the highly inhomogeneous combustion
mechanism led to highly variant heat flux imposed on the metal and TBC coated
pistons, ranging from 8-40 MW/m2. This highly variant heat flux led to surface
temperatures on the TBC reaching 1200 Kelvin underneath impinging jets, while
non affected regions remaining close to 650 Kelvin. This maximum temperature
can be leveraged in the down selection of next generation coatings as a maximum
service temperature requirement.

•

The peak amplitude of the surface temperature swing for the Gadolinium
Zirconated coated piston case exceeded 600K intracycle.

•

The resolved temperature field was passed to the CFD model and it was found that
the Gadolinium Zirconate TBC applied to the piston reduced the heat loss during
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the closed part of the cycle by 10%, ultimately leading to a ~0.5% thermal
efficiency increase.
•

The cumulative heat transfer to the piston over one complete engine cycle was
analyzed and it was found that the TBC produced the highest impact on the heat
flux regions underneath the glowing jet, reducing local heat fluxes by ~25-30%.
However, over 60% of the total heat transfer occurs in the zones that are not affected
by the impinging jets, and the application of the TBC did little to affect the heat
transfer losses in these regions.
Finally a methodology was developed to characterize the stresses within a thermal

barrier coating, leveraging insights developed in the gas turbine literature. The critical
models needed to capture the material response to strain (elastic plastic), the failure criteria
(modified William Warnke yield surface), and residual stresses (analytical Tsui and Clyne
model) from the coating application were developed and validated. A parametric study was
conducted to investigate the effects of coating properties (conductivity, volumetric heat
capacity, and CTE) on the stresses generated within the coating. Varying the conductivity
and volumetric heat capacity captured the effects of varying temperature swing and
interface temperature on the key sources of stress for these coatings, negative thermal
gradient stresses and interfacial CTE mismatch stresses. Critical coating strains from the
thermal and mechanical loads were investigated for typical regimes encountered during the
life cycle of the coating in an IC engine application, such as the i) coating application
process, ii) engine startup, iii) in service operating conditions, and iv) engine shutdown and
cooling.
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General guidance from parametric study:
•

Coating with CTEs much larger than the CTE of the substrate creates a non-ideal
stress state and can quickly lead to coating failure during the application process
due to the tensile stresses generated during cool down. Therefore CTEcoating <
CTEsubstrate should be one of the constraints when designing a new formulation.

•

Stresses generated during a firing engine cycle are by majority compressive for
CTE coating < CTE substrate. The positive temperature gradient introduces
compressive stresses at the surface.

•

For low CTE coatings, the interface temperature is the driving source of tensile
stresses and therefore the limiting factor for coating durability. Poorer thermal
performance coatings (higher conductivity) exacerbate this effect.

•

For better performing coatings (lower conductivity), critical stresses that can lead
to failure arise from either too high or too low of a coating CTE. Too high of a
coating CTE reduces CTE mismatch stresses but increases negative temperature
gradient stresses during transient cooldown steps. Lower CTE coatings increase the
risk of interface temperature driven CTE mismatch stresses leading to failure.
Therefore, for these low effusivity coatings, the ideal coating CTE is approximately
5-8 PPM/K.

The validated material models were integrated into a full 3D piston model to capture the
effects of spatially and temporally varying heat flux boundary conditions in a diesel (MCC)
engine, and substrate geometry on the coating stresses. It was found that:
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•

The substrate geometry can lead to two different stress concentration effects, i)
curvature of the substrate and ii) substrate deformation from thermal/mechanical
loads inducing strains on the coating.

•

Small concave radius of curvature locations on the piston (between the squish
region and bowl step) caused a stress concentration effect, and lead to the prediction
of coating failure for both the Gadolinium Zirconate and Generation 3 TBC.

•

The piston design included an exhaust valve cutout, which leads to an area in the
squish region with a reduced thickness, and therefore reduced stiffness. In this
region, the piston increased deformation leads to increased substrate tensile strains
that are propagated into the TBC. For the Gadolinium Zirconate case, this lead to a
prediction of a higher failure criteria value in this region.

•

The lower conductivity, lower CTE generation 3 coating demonstrated reduced
interface temperatures, and therefore larger residual compressive strains at the
interface. These compressive strains were beneficial in offsetting the local stress
concentration effects from the piston deformation and piston curvature stress
concentration.

7.2 Original Contributions
A merit function was developed to understand the relative effects of a coating’s
thermophysical properties, coating thickness, and engine speed/load on the ability of a
coating to reduce heat transfer losses. A systematic investigation with a coupled 0D
thermodynamic solver and 1D finite difference solver found that reducing thermal
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conductivity of a TBC is the best avenue for reducing the heat transfer losses. Low
volumetric heat capacity is still desired, but reducing the thermal conductivity down to 0.5
W/mK or lower takes precedence.
An original co-simulation methodology was developed that allows for
asynchronous coupling of CFD and FEA simulations to predict highly resolved
temperature fields within a thermal barrier coating. Temporally and spatially resolved
boundary conditions are exchanged between the two codes until the iterative process leads
to convergence. This coupling methodology was used for investigating TBC effects on heat
transfer losses and cycle effects (efficiency) on the cycle thermodynamics (CFD side). The
FEA analysis was used to understand the temperature field within the coating, the
maximum surface temperatures experienced, as well as the spatial and temporal variation
in temperature swing effects. This was subsequently leveraged in the thermal mechanical
model to understand how the highly inhomogeneous temperature field affected the stress
states within the coating, and if that would lead to coating failure, this is further explained
in the next paragraph. This methodology can be expanded to investigate TBCs for a variety
of combustion modes, e.g. more traditional modes like spark ignition or mixing controlled
combustion, to advanced modes of combustion, such as HCCI, SACI, GCI, RCCI, etc.
The inverse approach was demonstrated as well, where the co-simulation
framework can generate the required thermal properties for achieving a desired reduction
of the in-cylinder heat loss. Additional post processing methodologies were developed to
integrate the heat flux to determine the local cumulative energy transferred to the
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piston/TBC, and quantitatively characterized the spatial locations where heat transfer loss
reduction occurs.
Finally, a comprehensive methodology was developed for modeling stress and
strain due to both mechanical and thermal loads, and analyze the resulting stress state that
could pose a risk of failure, and to quantitatively characterize the material response to
strain. Technical ceramics display a highly anisotropic ultimate strength behavior;
therefore, failure is far more likely to occur in tension compared to compression, as these
TBCs are an order of magnitude weaker in tension than compression. It was postulated
that the key mechanisms potentially leading to failure are the CTE mismatch between the
coating and the substrate, and the temperature gradients throughout the thickness of the
coating. Other mechanics studies in Gas Turbine applications are not applicable, due to
significantly lower peak surface temperature in IC Engines. The key to providing the ability
to

predict

failure

is

the

ability

to

model

elastic-plastic

deformation

and

anisotropic/temperature dependent elastic moduli in FEA (ABAQUS), and the subsequent
application of the William Warnke concrete model adapted for use in technical ceramics.
The latter defines anisotropic ultimate strength for coating in tension and compression for
complex stress states. This newly developed modeling approach was first demonstrated
through a study of 3D stress states in a block of ceramic material (cube). The outcomes
correlated the key thermal mechanical properties, e.g. conductivity and CTE, respectively,
with stress states that could lead to failure. It was found that the negative temperature
gradient stresses dominate failure modes for a low-conductivity material, while the CTE
mismatch and residual stresses dominate higher conductivity material failure modes.
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Finally, the 3D methodology was applied to a realistic IC Engine piston geometry, with an
oil cooling gallery in the piston crown. Critical zones were identified where tensile stresses
can reach critical values, such as the bottom of the toroidal bowl and the edge of the socalled valve cutout, and initial experimental finding obtained through 180 hour testing of
the single-cylinder engine qualitatively corroborated the findings. More specifically, the
coatings survive the entire tests, but initial cracks and micro spallation were observed in
the location predicted by the methodology.
The coating stress analysis methodology developed in this work is also useful to
serve as a benchmark methodology for comparison of coating stress analyses across a wide
range of coating uses cases. This methodology provides other groups with a systematic
approach for carrying out stress analysis for TBCs in an IC engine context, as well as
providing insights into coating stress development from the coating application process
through to in service use. The parametric study provides insights into the development of
stresses, their underlying sources, and final guidance for the down selection of next
generation TBCs for use in an IC engine.
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A:

APPENDICES
CURVE FIT PARAMETERS AND EVALUATION FOR COATED PISTON
AND COATED PISTON + HEAD
The curve fit values for a, b, c, and d are provided in the table below. Additionally

the complete set of merit function surfaces discussed at the end of chapter 3 are provided
for a complete picture of the sensitivity of the merit surface to the effects of coating
conductivity, volumetric heat capacity, thickness, engine speed and engine load.
Coated Head + Piston
RPM

IMEPn [Pa]

Thick.

Coated Piston

A

B

C

D

A

B

C

D

[mm]
900

674151.69

0.1

0.065001

0.007539

0.043041

-0.02236

0.041803

0.004752

0.027749

-0.01414

900

1326406.9

0.1

0.071081

0.009365

0.04687

-0.02213

0.043444

0.00617

0.028578

-0.01288

900

1956289.1

0.1

0.07819

0.011711

0.05142

-0.02177

0.047547

0.007737

0.031203

-0.01235

900

2615177.5

0.1

0.082882

0.01324

0.05504

-0.02118

0.050174

0.00866

0.033329

-0.01181

1100

734723.81

0.1

0.073222

0.010556
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Figure 100: Coated Piston, 100 microns merit surface evaluated for 16 different
combinations of coating conductivity and volumetric heat capacity. Each subplot
represents the heat transfer reduction capability of each hypothetical coating over the
complete engine operating map
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Figure 101: Coated Piston, 200 microns merit surface evaluated for 16 different
combinations of coating conductivity and volumetric heat capacity. Each subplot
represents the heat transfer reduction capability of each hypothetical coating over the
complete engine operating map

Figure 102: Coated Piston, 300 microns merit surface evaluated for 16 different
combinations of coating conductivity and volumetric heat capacity. Each subplot
represents the heat transfer reduction capability of each hypothetical coating over the
complete engine operating map
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Figure 103: Coated Piston, 400 microns merit surface evaluated for 16 different
combinations of coating conductivity and volumetric heat capacity. Each subplot
represents the heat transfer reduction capability of each hypothetical coating over the
complete engine operating map

Figure 104: Coated Piston, 500 microns merit surface evaluated for 16 different
combinations of coating conductivity and volumetric heat capacity. Each subplot
represents the heat transfer reduction capability of each hypothetical coating over the
complete engine operating map.
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Figure 105: Coated Piston and cylinder head, 100 microns. merit surface evaluated for 16
different combinations of coating conductivity and volumetric heat capacity. Each
subplot represents the heat transfer reduction capability of each hypothetical coating
over the complete engine operating map

Figure 106: Coated Piston and cylinder head, 200 microns. merit surface evaluated for 16
different combinations of coating conductivity and volumetric heat capacity. Each
subplot represents the heat transfer reduction capability of each hypothetical coating
over the complete engine operating map
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Figure 107: Coated Piston and cylinder head, 300 microns. merit surface evaluated for 16
different combinations of coating conductivity and volumetric heat capacity. Each
subplot represents the heat transfer reduction capability of each hypothetical coating
over the complete engine operating map

Figure 108: Coated Piston and cylinder head, 400 microns. merit surface evaluated for 16
different combinations of coating conductivity and volumetric heat capacity. Each
subplot represents the heat transfer reduction capability of each hypothetical coating
over the complete engine operating map
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Figure 109: Coated Piston and cylinder head, 500 microns. merit surface evaluated for 16
different combinations of coating conductivity and volumetric heat capacity. Each
subplot represents the heat transfer reduction capability of each hypothetical coating
over the complete engine operating map
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